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SYNOPSIS
T h e reducibility study o f iron ore pellets is reported on four 
kinds o f peDets normally used in PT. Krakatau Steel, by employing die 
actual industrial reformed gas, both in the laboratory 
thermogravimetric apparatus and in the actual industrial Direct 
Reduction Plant o f PT. Krakatau Steel.
The laboratory part o f the study involved isothermal and non­
isothermal condition, as well as pellets in as received state and coated 
with the cement suspension, to shed some light on these industrially 
important practices.
The results indicated th a t:
- Pellet type A showed the highest conversion level compared with 
pellet B, C, and D.
- The un-coated pellets reduced isothermally give the highest 
conversion and the coated pellets reduced non-isothermally have the 
lowest conversion level
- The isothermal proces can indicate the principal features o f the non­
isothermal process, and accords with theory.
m
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C H A PT E R  I
IN T R O D U C T IO N
As is w ell known, the reduction o f  iron ore is greatly enhanced when die ore is in 
the form  o f  sinter or pellets which provide a porous structure needed for effective gas­
solid contact [Stephenson, R .L .1980]. However, sintering and pelletizing operations 
involve high capital cost installations and are not generally econom ic in small volum e iron 
making.
PT. Krakatau Steel from  beginning o f  its operation in 1978, with the DRI 
production level o f  1.5 m illion ton per year, has used imported pellets as raw material. 
The pellets are imported from  several countries, such as for example : LKAB from  
Sweden, Samarco and CVRD from  Brazil, Kudremukh from  India, and CMP from  Chile. 
In the last four years, to optimize the process , lump ore was used as supplement to the 
pellet mixture with the contribution about 10 to 20 percent.
Since the plant has been operated there has been no laboratory facility to perform  
the raw material characteristic testing like reducibility test, sticking index test, tumbler test, 
and so forth.
Reducibility is defined as the ease with which iron ores give up their oxygen by the 
action o f  reducing agents. An ore has better quality when its reducibility is high.
The reducibility o f  an ore affects directly the direct reduction plant production, 
therefore it is important to specify the reducibility for such iron ore pellets used.
The laboratory test for the evaluation o f  reducibility o f  iron ores has been  
developed by many companies (HYL, LKAB, JIS, and so forth). The test consists o f  
isothermal reduction o f  a sample with constant gas com position and flow , using a reactor 
tube placed inside an electrically heated oven. W hen the degree o f  reduction is 95 %, and
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som e workers use 50 % conversion [Ross, et.al., 1980], the reducing gas is shut o ff  and 
the sample is cooled with nitrogen.
The reduction degree is calculated by means o f  the relation o f  oxygen actually 
rem oved to reducible oxygen. Rem oved oxygen is continuously measured during testing 
by weight loss. Reducible oxygen is calculated by chem ical analysis and is experimentally 
verified by 100 % reduction o f  a representative sample.
In this study the tests o f  the reducibihty o f  four kind o f  pellets which are used in 
PT. Krakatau Steel as the main raw material, were conducted using the actual reformer 
gas as the reducing agent The tests were conducted at three temperature conditions for 
the normal (un-coated) pellets, i.e  850 °C , 900 °C , and 950 °C, while for cem ent coated 
pellets two temperature conditions were used, v iz  850 °C and 950 °C.
The cem ent coated and uncoated pellets were adopted as the test variables, 
because in the HYL-IH process the cem ent coated pellets have to be used to prevent the 
sticking problem o f  the material (DRI) inside the reactor.
The kinds o f  imported pellets are taken as a variable to determine the quality o f  
each pellet which is used by PT. Krakatau Steel. The isothermal process and non­
isothermal process were used because in the actual fixed bed reactors (HYL-I process ) 
o f PT. Krakatau Steel there are two kinds o f  temperature levels inside the reactor. The 
top-side o f  the reactor is the isothermal condition, while between the bottom and the top  
o f  the reactor are non-isothermal process condition.
The purpose o f  this study therefore is to present the results o f  an investigation o f  
the effect o f  actual gas (reform ed gas) which is used in Direct Reduction Plant o f  PT. 
Krakatau Steel on four kinds o f  imported pellets. Additionally the test variables also 
included : pellet diameters, isothermal and non-isotherm s! processes, and also cem ent 
coated pellets which are use i  to prevent sticking inside the reactor.
Results are fitted to a first order kinetic m odel, obtaining the rate constant (k) 
which is a theoritical reducibility parameter.
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CHAPTER II 
THEORY
2 .1 . R E D U C T IO N  BY C A R B O N  M O N O X ID E
The reduction o f  iron oxide by carbon m onoxide, beginning with fem e oxide,the 
highest oxide o f  iron takes place in three stages at temperatures above 570 °C 
[ Stephenson, 1980] :
F e203-»F e304->  FeO  ->  Fe (2 .1 )
The three reactions with their heats o f  reaction at 25 °C are as follow s :
3Fe203 + CO <=> 2F e304 + C 02 AH = -1 .264 keal/m ol (2 .2 )
Fe 304  + CO = FeO  + C 02 AH = 8.664 keal/m ol (2 .3 )
FeO + CO = Fe + C 02 AH = - 4 .136 keal/m ol (2 .4 )
In the reactions o f  equations (2 .2 ) and (2 .4 ) the heat o f  reaction is negative which 
means that the reactions are exothermic whereas reaction (2 .2 ) is endothermic.
Because wustite (FeO ) is metastable below  570 °C it is generally thought that iron 
oxide reduction takes place in two stages at lower temperatures. The magnetite produced in 
the first stages o f  reduction to iron by passing the wustite stages.
3
l/4Fe304 + CO = 3/4Fe + C02 AH = -0,936 kcal/mol (2.5)
This reaction is also exothermic [ Rostrup-Nielsen, 1979].
Its is easy to undercool wustite and maintain it in a metastable state. Under this 
condition the reduction o f wustite below 600 °C can readily be imagined. However, most 
direct reduction processes operate at a temperature in excess o f 600 °C so that the reduction 
o f metastable wustite is only o f a minor significance.
Figure 2-1 shows four curves, one each for reaction (2.2), (2.3), (2.4) and (2.5) as 
indicated. In the case o f reaction (2.2) the equilibrium gas compositions are 0.001 percent, 
0.003 percent, and 0.007 percent CO for the temperature 1000 K, 1250 K, and 1500 K 
respectively, which are too small to show on the scale o f the graph o f Figure 2-1 so that the 
curve for reaction (2.2) has been exaggerated here for clarity.
The areas between the curves in which one o f the three solid phases, magnetite, 
wustite, and iron are stable are indicated. For example, in a gas containing 20 percent CO 
and 80 percent C02, magnetite is the stable phase. This means that in a flowing gas system 
where the gas composition remains constant, reaction (2.2) will proceed to the right to 
reduce hematite to magnetite but reaction (2.3) and (2.4) will proceed to the lefi oxidizing 
iron and wustite to magnetite.
Likewise, if  the temperature is 800 °C and me gas composition is 40 percent CO and 
60 percent C02, this point on the graph lies in the area where wustite is the stable phase. 
This means that hematite and magnetite will be reduced and iron will be oxidized to wustite.
4
In order for wustite to be reduced, the temperature and gas composition must be 
such that the point on the graph representing temperature and gas composition must He in 
the area where iron is the stable phase, for example 800 °C, 80 percent CO and 20 percent 
C02.
During reduction the carbon monoxide will be consumed and replaced by carbon 
dioxide. Thus starting with 80 percent CO at 800 °C, wustite will be reduced to iron. The 
carbon monoxide content decreases. When it reaches about 65 percent CO, it is at a point 
on the equiHbrium curve for reaction (2.4), the reaction will stop and iron and wustite can 
co-exist in equiHbrium with each other.
Changes in temperature will also affect equiHbria and the direction in which the reaction 
wiH proceed. For example, at the point 800 °C and 20 percent CO, magnetite is stable 
phase. If  temperature is raised to 1000 °C the magnetite-wustite equiHbrium curve
Fig. 2-1 EquiHbrium gas composition versus temperature 
diagram for the iron-carbon - oxygen system.
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is crossed, wustite becom es the stable phase and magnetite is reduced. This is because 
reaction (2 .3 ) is an endothermic reaction. On the other hand, an increase in temperature 
will cause iron to be oxidised to wustite because reaction (2 .4 ) is exothermic.
2.2 . T H E B O U D O U A R D  R E A C T IO N
Figure (2 -1) also contains the curve showing the C 0 -C 0 2  com position and 
temperature equilibrium for the reaction.
C 02 + C = 2CO AH = 41.220 kcal/m ol carbon (2 .6 )
com m only known as the BO U D O UARD reaction. This reaction has very important 
consequences in iron oxide reduction.
Referring to Figure 2-1, at low  temperatures carbon dioxide is the stable gas phase, 
so carbon m onoxide tends to decom pose into carbon dioxide and to deposit carbon in the 
form  o f  so o t This soot accounts for som e o f  the carbon in Direct Reduced Iron (DRI). 
Conversely, at high temperature carbon dioxide reacts with carbon to produce carbon 
monoxide, because this reaction is an endothermic reaction. N ote that at temperature above 
1000 °C the reaction is essentially com plete, and the gas phase is 100 percent CO and 0  
percent C 02. This means that thermodynamically, carbon dioxide can not exist at 
temperature above 1000 °C in the presence o f carbon. Therefore, this may suggest that 
carbon m onoxide can not reduce iron oxides at temperatures above 1000 °C. However, 
reduction does take place and this appears to be on account o f  reactions (2 .4 ) and (2 .6 ) 
taking place side by side aparately. The reactions can be com bined as follow s to indicate the 
overall reaction :
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FeO + CO = Fe + C02 AH = -4 .136 kcal (2 .7 )
C 0 2 +  C = 2CO AH = + 4 1 .2 2 0  kcal (2 .8 )
FeO + C = Fe + CO AH = + 37 .084 kcal (2 .9 )
Reaction (2 .9 ) is often referred to as “direct reduction by carbon” whereas reaction 
(2-4) is “indirect reduction by carbon” . N ote that the Boudouard equilibrium curve in 
Figure 2-1 crosses the wustite-iron curve at 700 °C and the magnetite-wustite curve at 650  
°C. This means that, thermodynamically, wustite cannot be reduced at temperature below  
700 °C and magnetite cannot be reduced at temperature below  650 °C because the carbon 
m onoxide decom poses into carbon dioxide and carbon.
This is to say that the reduction o f  magnetite to iron at temperature below  570 °C is 
thermodynamically imposible. H owever reduction does take place at low  temperatures 
because the rate o f  reaction o f  the gases with carbon is relatively slow  as compared to the 
rate o f  reaction o f  the gases with iron oxides.
2 .3 . C A R BO N  D E C O M PO SIT IO N
Carbon is form ed at low  temperatures by the back reaction o f  reaction (2 .5). The 
carbon decom position thermodynamically is highly favored by low  temperatures and high 
carbon m onoxide concentration.
Undoubtedly som e o f  the carbon found in DRI is soot form ed by this reaction. In 
addition iron carbide (Fe3C ), com m only called cem entite, can be form ed by the reaction:
7
Fe + 2CO = FeaC + C 02 AH = -35.240 kcal (2.10)
Like carbon decom position, reaction (2 .10) is also favoured by low  temperatures 
and high carbon m onoxide concentrations.
2 .4 . R E D U C T IO N  BY H Y D R O G E N
The reduction o f  iron oxides by hydrogen is much the same as reduction by carbon 
m onoxide. That is, the reduction takes place in three stages at temperatures above 560 °C 
and two stages below  560 °C. The reactions involved are :
3F e203 + H 2 = Fe304 + H20 AH = -2 .8 0 0  kcal (2 .11)
F e3 0 4 + H2 = 3FeO  + H20 AH = +18.500 kcal (2 .12)
FeO  + H2 = Fe + H20 AH = +5.700 kcal (2 .13)
l/4F e30 4 + H2 = 3/4Fe + H20 AH = +8.900 kcal (2 .14)
Figure 2-2 shows the equilibrium gas com position versus temperature diagram for 
the iron-hydrogen-oxygen system  similar to Figure 2-1. There is no reaction involving 
hydrogen similar to Boudouard reaction that complicates this system.
Therefore the reduction o f  magnetite and wustite at temperatures below  650 °C and 
750 °C are thermodynamically feasible. A lso, the solubility o f  hydrogen in metallic iron is 
extremely low , so that the assumption that wustite and iron are pure solids with unit activity 
is justifiable.
8
Fig 2-2. Equilibrium gas composition versus temperature diagram 
for the iron - hydrogen - oxygen system.
2.5. RED U CTIO N  BY CARBON M ONOXIDE-HYDROGEN M IXTURES
Many reduction processes are carried out by losing mixtures o f these two gases. The 
composition o f the reducing gas can vary widely with respect to the C/H ratio depending 
upon the source or the method o f gas manufacture. Reducing gases made by reforming 
natural gas are widely used for direct reduction. Reforming is carried out by reactions o f the 
following types :
CH, + l/2 0 2 = CO + 2H2 AH == -8.500 kcal (2.15)
c k , + h 2o = CO + 3H2 AH =+49.300 kcal (2.16)
CH, + C 0 2 = 2C O + 2H2 AH = +59.100 kcal (2.17)
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C + H20  = CO + H2 AH = + 3 1 .3 8 0  kcal (2 .18)
2 .6 . R E D U C IB IL IT Y  O F IR O N  O R ES
The properties o f  an ore which determine its reducibility are : particle size, shape, 
particle-size distribution, density, porosity, crystal structure and com position. All o f  these 
influence the relative amount o f  reactive surface area o f  the iron oxides exposed to the 
reducing gases.
The reducibility o f  an iron ore can be determined experimentally in many ways. 
M ost reducibility measurements are made with a representative sample o f  the ore suspended 
from a balance and hung inside a reactor surrounded by a furnace. Reducing gas is passed 
through the reactor while its temperature is held constant by the furnace. The removal o f  
oxygen is measured by the loss in weight o f  the sample. This is known as the “loss-in-w eight 
method” and involves plotting the percentage loss in weight (percent reduction) versus the 
time required to reach som e arbitrarily chosen degree o f  reduction. Som e workers use 90  
percent, others use as low  as 50 percent, whichever is m ost suitable for the particular 
process [ HYL, LKAB, 1990].
Joseph [1936] was one o f  the earliest investigators to cany out reducibility test on 
several natural ores and the result o f  som e o f  his experiments are shown in Figure 2-3. 
These results show that the porosity o f  iron ore particles is one the m ost important factor 
controlling reducibility.
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Ore No Porosity, % Ore No Porosity, %
11 66,2 34 7,0
10 51,5 23 5,0
26 23,7 33 4,2
25 18,8 18 4,0
Fig. 2-3. Percent o f reduction versus time for iron ore samples 
of various porosity. [Joseph, 1936 ]
In the benefitiating ores for direct reduction processes special attention should be 
paid to the reducibility. Crushing, sizing, and removing o f fines is always helpul. Particle 
size 10 to 20 mm appear to be about the ideal size. Larger particles provide less surface area 
while fines tend to choke bed of ore and cause dust problem.
The importance of porosity can also be shown by the microscopic examination of 
cross section o f iron ore lump or pellets.
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Figure 2-4 illustrates the cross section o f a partially reduced dense iron-ore particle 
which shows a core o f hematite surrounded by three concentric layers, an inner layer o f 
magnetite, a layer o f wustite and an outer porous layer o f metallic iron. The surface o f each 
layer is parallel to the outer surface o f the particle. Reduction processes o f this type are said 
to be topochemical [ Standish, N. and Pramusanto, 1991].
Fig. 2-4. Cross-section o f a partially reduced dense iron ore particle 
showing topochemical type o f reduction. [1963 ]
For the reduction reaction to take place the reducing gas (carbon monoxide or 
hydrogen) must come in contact with the surface o f the iron oxide phases. This requires that 
the reacting gas must diffuse inwards and the product gas diffuse outwards, at least through 
the outer iron layer, to reach the wustite layer. Edstrom [1953 ] proposed a reduction 
mechanism which is still valid, based on solid state diffusion o f ferrous ions.
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Because oxygen has been rem oved from the outside iron layer, it is porous enough 
to permit the reducing gas to diffuse through to the iron/wustite interface. There the wustite 
is reduced by carbon m onoxide to iron by the reaction :
FeO + CO = Fe + COz (2 .19)
Or by hydrogen by reaction :
FeO  + H2 = Fe + H20  (2 .20)
This reaction can be considered to be the summation o f  the follow ing typical sub­
reaction.
FeO = Fe2+ + O2* (2 .21)
O2' + CO = C 0 2 + 2 electrons (2 .22)
Fe2+ + 2 electrons = Fe (metal) (2 .23)
Oxygen is rem oved from  the surface o f  the wustite resulting in an increase in die 
concentration o f  ferrous iron (Fe2+). A  Fe2+ concentration gradient is built up across the 
wustite layer. Som e ferrous ions and electrons migrate to a nucleation site where they 
precipitate out as metallic iron but other ferrous ions and electrons diffuse accross the 
wustite and magnetite layer where they react with magnetite and hematite to produce wustite 
and magnetite, respectively, according to reactions :
Fe2+ + 2 electrons + Fe304 = 4FeO  (2 .24)
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Fe2+ + 2 electrons + 4Fe203 = 3Fe302 (2.25)
2.7 . STR U C TU R A L  C H A N G ES D U R IN G  R E D U C T IO N
During the stepwise reduction o f  hematite through magnetite and wustite to metallic 
iron, changes in crystal structure take place. In hematite the oxygen atoms are arranged in 
the closed-packed hexagonal structure but they form  a face-centred cubic structure in 
magnetite and wustite. Therefore, in the first stage o f  reduction the oxygen atoms undergo a 
severe readjusment which results in about a 25 percent increase in volum e [ Edstrom, 
1953]. This tends to open up the structure and facilitate the subsequent reduction stages. In 
the transformation o f  magnetite to wustite die oxygen lattice remains unchanged while iron 
atoms diffuse in to fill the vacant sites in the iron lattice.
Edstrom [1953 ] showed an increase in volum e o f  about 25 percent in the 
transformation o f  hematite to magnetite and a 7 to 13 percent increase in the transformation 
to wustite. However, due to the shrinkage in metal, the overall increase in volum e during 
reduction is about 25 to 27 percent. Edstrom also found that when natural magnetite crystals 
were reduced to metal, no corresponding volum e increase was observed during reduction, 
but that there was about 4 to 5 percent shrinkage in the final product. This helps to explain 
why the reducibility o f  magnetite is so m uch poorer than that o f  hematite and why its 
reducibility is greatly improved when magnetite is first oxidized to hematite before 
reduction.
14
2.8. RATE CONTROLLING FACTORS
There are several factors that affect the rate o f  reduction o f  iron oxides. The first to 
be considered are the rates o f  heat and mass transfer across the gas flow  boundary layer at 
the outer surface o f  the solid phase. W hen the reaction rate is controlled by this 
phenom enon, it is known as “Gas Film Control”.
Secondly, the rate o f  diffusion o f  the reducing gas inward and the product gas 
outward through the reduced iron layer can control the rate o f  reduction o f  iron oxides. This 
phenom enon is generally associated with large ore particle, and is known as “Gaseous 
D iffusion Control” or “Product Layer Control”.
Thirdly, the chemical reaction at the wustite-iron interface may be rate controlling. 
W hen this is the case, the rate o f  reduction per unit area o f  remaining iron-oxide surface is 
found to be constant with time. This mechanism is refferred to as “Interfacial Reaction 
Control” or “Phase Boundaiy Reaction Control”.
W hen either two, or all three o f  the controls referred to combine to influence the 
rate o f  reduction, the mechanism is referred to as “M ixed Control”
The presence o f  impurities in the ore can also have a profound effect on the rate o f  
reduction. For example lim e has been found to accelerate the reduction process whereas 
silica which forms ferrous silicate or fayalite during the agglomeration o f  fine ores greatly 
inhibits the reduction rate or sinters [Seth and Ross, 1963].
Also, the presence o f  inert gas such as Nitrogen in the reducing gas have an effect 
on the rate o f  reduction. The richer the gas is in H2 and/or CO, the faster w ill be the
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reduction rate. Obviously, an increase in the concentration o f  product o f  reduction such as 
H20  and C 0 2 will retard the reduction rate.
2 .8 .1 . G A S FIL M  C O N TR O L
In Gas Film Control, the overall reduction rate is controlled by the rate o f  diffusion  
o f  gas and heat through a boundary layer o f  stagnant gas that builds up around each ore 
particle. The rate o f  diffusion o f  gas through this layer is proportional to die gas 
concentration gradient across the layer . Similarly, the rate o f  heat flow  to the particle is 
proportional to the temperature gradient across the gas film . In the case o f  single particle o f  
iron ore suspended in a laboratory reactor, the gas film  resistance is minimized by 
maintaining the gas velocity above the “critical velocity” at which a further increase in the 
gas velocity w ill not result in an increase in the rate o f  reduction.
Because o f  the boundary layer effect the gas film  resistance can not be com pletely 
eliminated. However, it can be decreased to negligible proportions in comparison to other 
effects so that it w ill not be the rate determining step.
2 .8 .2 . PH A SE-BO U N D A R Y  R E A C T IO N  C O N TR O L
W hen counter-diffusion o f  the reduction gas and the product gas in the reduced 
outer iron layer is sufficiently fast, the concentration o f  reducing gas at the reacting surface 
is effectively the same as its concentration at the particle surface. In this case the rate o f  
reaction at the wustite-iron interface would control the overall reduction rate. This 
mechanism is unlikely at the vety start o f  reduction when the iron layer is veiy  thin or for 
the reduction o f  very small porous grains o f  iron oxide.
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Jander and M cKewan [1960] and Ettabirou, M . et. al. [1986] developed a 
mathematical m odel in support o f  this mechanism based on the assumption that the reaction 
rate is proportional to the surface area o f  the reacting interface.
ro do [ 1- ( 1  - X B  )w  ] = kt (2 .26)
Where : ro = the initial radius o f  the iron oxide particle, cm  
do = the original particle density, gm /cm 3 
X B = the fractional reduction
W eight o f  Oxygen Rem oved 
W eight o f  Rem ovable Oxygen 
t = the time, seconds
k = the reaction rate constant, gm /cm 2 /second
Or [ 1- ( 1 - X B )1/3 ] = kt, where k = 1/ sec.
The values o f  ro do [ 1- ( 1  - X B  )m ] can be determined and plotted against time, t.
A straight line plot indicates that the reduction process obeys the m odel upon which die 
formula is based. The slope o f  this plot gives the value o f  the reaction rate constant, k..
2 .8 .3 . G A SEO U S D IF F U SIO N  C O N TR O L
W hen the rate o f  diffusion o f  the reducing gas inwards and the product gas 
outwards through the porous iron layer surrounding the unreduced inner core o f  the particle 
is slowing the rate o f  reduction, then the gaseous diffusion is rate controlling. The 
concentration o f  the reducing gas w ill decrease and that o f  the product gas w ill increase at 
the interface.
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This is the predominant rate-controlling m echanism  for high temperature reduction 
o f  large particle (greater then 7 m m ) beyond 50 percent reduction when the iron layer 
thickness exceeds about 1 mm [Seth and Ross, 1965].
A  mathematical m odel for a spherical particle has been proposed by Spitzer et. al 
[1966 ] and by Seth and Ross, [1965] as follow s :
[ro2 do / (Co - Ceq)] [  1/2 - X B /3 - (I-X B )10 /2  ]  = k.t (2 .27 )
Where: Co = the gas concentration at the particle surface,
Ceq = the equilibrium gas concentration at the reaction interface
For the gaseous diffusion m odel to hold, plots o f :
[  l / 2 - X B / 3 - ( l - X B ) M ]  (2 .28)
versus time should yield a straight Hne. Reasonably straight lines have been obtained during 
the intermediate stages o f  reduction (40 to 85 % reduction ), but deviations occur during the 
initial and final stages.
During the early stages, where the iron layer is non-existant or very thin, generally, 
the phase-boundary reaction is controlling the reduction rate, but gaseous diffusion control 
takes over as the iron layer thickness. During the final stages o f  reduction som e other factor 
introduces the predominant controlling influence.
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2.8.4. MIXED CONTROL
In m ixed control, the gas film , the phase boundary reaction, and gaseous difiusion  
act together under pseudo-steady state condition to determine the overall reaction rate.
The time for reduction is proportional to the particle size for phase boundary 
reaction control and to the square o f  the particle size for gaseous difiusion control.
A logarithmic plot o f  time, t, versus particle size with degree o f  reduction as a 
parameter should be between 1 and 2, i f  the reduction process is controlled by a 
combination o f  phase boundary reaction and gaseous difiusion.
2 .8 .5 . FIN A L  R E D U C T IO N  STA G ES
In the final reduction (85 percent and over) the reaction rate decreases drastically 
showing that som e veiy  slow  rate determining process is taking over control. M etallographie 
examinations o f  the cross sections o f  reduced ore particles show  small isolated remnants o f  
wustite surrounded by dense layers o f  metallic iron impervious to the penetration o f  
reducing gas. Reduction can continue only by the solid-state difiusion o f  oxygen atoms 
outwards or, in the case or carbon m onoxide, by the difiusion o f  carbon atoms inward 
through the iron layer.
This slowing down o f  the reduction rate is usually attributed to the sintering and 
reciystallization o f  the new ly form ed metallic iron which occurs readily at temperatures 
above about 650 °C and drastically decreases the porosity o f  the particles.
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Seth and R oss [1965] showed that the porosity o f  hematite pellets, sintered at 1160  
°C and reduced in hydrogen at 800 °C, increased as reduction proceeds up to 80 percent 
and then decreased drastically beyond this point.
2 .8 .6 . E FF E C T  O F IM P U R IT IE S A N D  A D D IT IV E S
The impurities and additives greatly affect the strenght o f  ore particle and 
agglomerates, both before and after reduction, as w ell as the tendency for particles to 
disintegrate or to stick together during reduction. The gangue content, especially the silica 
content, raises the cost o f  melting the reduced pellet in electric arc furnaces during steel 
making. Silica hinders the reduction o f  the iron oxides by form ing ferrous silicate or fayalite 
(2 F e 0 .S i0 2) by combining with wustite during agglomeration.
Fayalite resists reduction and forms a glassy slag at high temperatures that seals o ff  
the pores in the agglomerates and hinders diffusion . However, a certain amount o f  silica is 
necessary in acid pellets to maintain strength and to prevent abnormal swelling and 
disintegration during reduction.
Effect o f  tim e : Lime addition to otherwise pure iron oxides have been found to 
greatly improve the reducibility o f  pellet. It has been suggested that this could be due to the 
formation o f dicalcium ferrite (2C a0.F e203) during sintering o f  pellets. The lime in the 
presence o f  silica, could decrease the reducibility depending upon the relative amounts o f  
the basic and acidic oxides, by form ing low-m elting com pounds which soften over a wide 
temperature range and seal the pores in the pellets. The lim e content o f  the pellets should be 
kept low  enough so that calcium silicate form s preferentially to calcium diferrite. The 
lim e/silica ratio should lie betw een about 0 .9  and 1.8 to get the optimum reducibility and
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high strength pellet. This range can vary depending upon the com position o f  the ore and is 
affected by content o f  alumina, magnesia, alkali, etc [ T en n ies, 1995].
Effect o f  M agnesia : During induration the magnesia diffuses throughout the iron 
oxides form ing magnesia-ferrite (M gFe204), a spinel-type com pound. Its behaviour its is 
temperature resistant and it softens at a higher temperature (over 1713 °C).
Effect o f  Alkali: Alkali oxides in the feed promote swelling and degradation during 
reduction, and could cause operating difficulties because o f  decreased bed permeability or 
increased dust losses.
Effect o f  Phosphorus: Phophorus (P) in the raw material does not affect the D R  
prosess. In m ost instances the phosphorus oxides are not reduced There are indications that 
in som e electric furnace steelmaking operations m ost o f  the phosphorus remains in the slag, 
and very little o f  it dissolves in the metal.
Effect o f  Sulphur: The sulphur (S ) content o f  the feed  material is a major 
consideration in a D R  process i f  the o ff  gas is recycled to a reformer because o f  catalyst 
poisoning. In electric steelmaking the sulphur in DRI has the same adverse effect as the 
sulphur in conventional steelmaking materials.
Effect o f  Zinc: Zinc (Zn) impurities are not normally present in significant amounts 
in natural ores or in pellets made from  natural ore fines or concentrates. H owever, pellets 
made from  waste dust from  a steelmaking operation may be high in zinc. Such materials, 
would not be suitable for processing in a vertical shaft reduction process because o f  
problems associated with the recycling o f  zinc inside the shaft, m uch the same as in a blast
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furnace. A rotary kiln reduction process is more suitable for processing this type o f material 
because some o f the zinc can be removed from the product through vaporization.
Free M oisture and LO I : High free moisture and LOI ( loss, as C 0 2 or H20 , on 
ignition ) levels are undesirable in the feed material for direct reduction because o f the extra 
heat load and increased volume o f gas that has to be handled. In the case o f the shaft 
processes, gas composition is adversely affected.
2 .8 .7 . E FF E C T  O F G AS C O M PO SIT IO N  A N D  PR E SSU R E
In the direct reduction processes the gas needed for the process is made-up as a 
mixture o f carbon monoxide and hydrogen with residual amounts o f carbon dioxide, water 
vapour and inert gases such as nitrogen etc. The strength o f the reducing gas will be 
decreased by the presence o f these other gases. Therefore, the reducing gas composition has 
an important effect on the reduction kinetics.
McKewan [1961,1962] observed that :
- In the absence o f water vapour or at a constant water vapour/hydrogen ratio, the 
reduction rate was found to be directly proportional to the hydrogen partial 
pressure.
- The presence o f water vapour drastically decreased the reduction rate wich was 
found to approach zero as the water vapour/hydrogen ratio approached the wustite 
iron equilibrium (Figure 2-2 ).
Because the driving force for reduction is the difference between the partial 
pressure o f the reducing gas and its partial pressure at equilibrium, these results are to be
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expected inasmuch as the presence o f  water vapour or inerts decrease the concentration o f  
hydrogen, hence its activity at the reaction interface. Therefore, it is to be expected that 
similar results should be obtained with carbon m onoxide, carbon dioxide and nitrogen 
mixtures. It follow s from this that the reducing gas for any direct reduction process should 
have the maximum concentration possible in carbon m onoxide and/or hydrogen.
M cKewan [1962] also investigated the effect o f  hydrogen pressure over the range 
from  1 to 40 atmospheres. The rate o f  reduction increased with increasing hydrogen 
pressure and leveled o ff at about 10 atmospheres.
2 .8 .8 . PE L L E T  SIZE A N D  C O N V E R SIO N
The above equations (2.26, 2 .27, and 2 .28) show  that to reach any conversion level, 
XB
t qc r 13 to20 ... for gas film  diffusion control. Exponent drops as r rises 
t oc r2 .... for product layer diffusion control
t qc r ..... for chem ical reaction control
Where r is the radius o f  pellets.
Taking data with diferent sizes o f  solids is a sharp way o f  telling which o f these 
mechanisms controls.
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These relationships show  that for an increase in particle size r the rate slows more 
sharply i f  product layer diffusion controls than i f  reaction controls. Thus, i f  reaction controls 
at given r then one may find a switch to product layer diffusion control with large particles.
According to Levenspiel [1979] it is stated th a t:
* It is unsafe to extrapolate reaction control to large particles, but it is safe to 
extrapolate reaction control to smaller particles.
* Conversely, it is safe to extrapolate product layer diffusion control to large 
particles, but not to smaller particles.
2 .9 . K IN E T IC S A N D  M O D EL S FO R  T H E G A S - SO L ID  R E A C T IO N
2.9.1 . Type O f Solid-Gas Reaction [ Habashi, 1969 ]
One o f  the types o f  the gas reaction is shown in the follow ing equation :
SOLID (i) +  GAS (i) -► SOLID (n> + GAS (n> ( 2 .29 )
Reactions o f  this type depend also on the formation o f  an interface. Once such an 
interface exists, the reaction proceeds through a layer o f  the solid reaction product and 
consequently the mechanism involved will depend on the properties o f  that particular layer. 
W hen the rate o f  flow  o f  the gas is above the critical value for diffusion through the 
boundary layer to be rate controlling, at least three cases were observed to decribe the 
kinetics o f  these processes for a spherical geom etry :
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1) The reaction product is porous and the process is controlled by chemical 
reaction at the interface. In this case
= k ”A = k ' W *
dt
(2 .30)
or, in terms o f  fraction reacted,
1 - (1 -XB)m = kt (2.31)
where : X B = the fractional reduction
k = the reaction rate constant, second*1 
t = reaction tim e,second '
According to the Arrhenius equation [Smith, 1981 and Nouman, 1987 ]
k = A .e -E/RT (2 .32)
Where :
A  = the frequency (or pre-exponential) factor, second*1
E = activation energy, joule/m ol
R = ideal gas constant
= 8.314 joule/m ol. K  
T = absolute temperature, Kelvin
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In the transition or activated state, and reduction assumed to follow  first order, the 
rate o f  reaction w ill be :
r  = (-dx/dt) = k*. I. e  'Ea/RTCa Cb Ea  (2 .33)
r  = c. e  'Ea/RT (2.34)
W here :
k* = constant rate at the activated state 
I = constant o f  integration 
E = activation energy
Table 2-1 Summary o f  reduction reaction o f  equation (2 .29) that follow  kinetics o f  
equation (2 .31) [H abashi,1969].
Category Examples Activation energy, 
kcal/mole
Temperature 
range, °C
Reference
Reduction Fe203 + 3H2 ->2Fe + 3H20 - 800 Joseph (1936)-McKewan (1958)
15 400 - 1050 McKewan (1960) [Different ores]
13,8 700-1000 McKewan (1962)
11,9 871 - 1120 Smith and McKewan (1962)
13 500 - 600 Themelis and Gauvin (1962)
17,7 300 - 400 Imoto and Moriyama (1963)
33 265 - 315 Moriyama (1963)
15,2 650 - 950 Warner (1964)
15 350 - 550 Moriyama at al. (1965)
3Fe203 + CO -> 2Fe304 + 14,65 380-450 Hansen et al. (1960)
C02 1,75 450 - 1000
Fe304 + 4H2 -> 3Fe + 4H20 13,6 400 - 500 McKewan (1961)
13,3 330 - 500 McKewan (1962)
Fe304 + 2CO 3Fe + 2 - 950 Stalhane and Malmberg (1930)
C02 Lewis (1949)-McKewan (1958)
FeO + CO -> Fe + C02 13,9 980 - 1165 Bicknese and Clark (1966)
Mo03 + H2 -> Mo02 + H20 17,6 350 - 600
NiO + H2 -» Ni + H20 single ~30 220-290 Yamaguchi and Mariyama (1965)
crystal
NiO + H2 -> Ni + H20 25,5 221 - 268 Yamaguchi and Mariyama (1966)
powder
SnC>2 + CO -> Sn + C02 26-42 500- 1100 Berezidna et al (1964)
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2) The reaction product is non-porous and consequently the prosess is controlled by 
diffusion through this product layer. In this case two equations were found to be applicable:
a) lander’s equation :
[1 - (1 - X B )1/3]2 = kt (2 .35)
b) Crank and Ginsting and Brounshtein’s equation :
1 - 2/3 X B - (1 - X B )2* = kt (2 .36)
An example is given in Table 2-2.
3) The reaction product is non-porous and the rate o f  diffusion through this layer is o f  
equal magnitude to the rate o f  chemical reaction at the interface. In this case the rate 
equation will be
k , . 3  ,  . kSp
- { 3  - 2XB - 3 (1 -X B )2* }  + —  { I  - (1 - X B )1* } =  — t (2 .37)
6 ro r2oq
Table 2-4 gives examples obeying this equation which previously could not be fitted 
to any kinetic law.
Table 2-2. Reaction o f  the type Si + Gi ->  Sn + Gn following 
_______ the equation [1 - (1 - X B )1*]2 = kt._____________
Examples Activation energy, 
kcal/m ole
Temperature 
range, °C
Reference
Ni3C + 5/2 02 —> 3 NiO 
+ CO2
30 280 - 320 Freel and Galwey (1967)
W4O11 + 3H2 -» 4 WO2 
+ 3 H2O
10 642 - 790 Yamaguchi et al. (1965)
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Table 2-3. Reaction o f  the type Si + Gi ->  Sn + Gn follow ing  
the equation 1 - 2/3 X B  - (1 - X B f 3 = kt
Exam ple A ctivation energy, 
kcal/m ole
Tem perature 
range, °C
R eference
CuO + F2 -> CuF2 + 1/2 
02
16,3 82 -151 R.L Ritter and H.A. Smith.J. 
Phys. Chem. 70, 805 - 14 
(1966)
Table 2-4. Reaction o f  the type Si + Gi -»  Sn + Gn follow ing the equation :
k  i9 kSp
-  {3  - 2X B - 3 (1 - X B )2/3} + — {1 - (1 - X B )m } = —  t 
6 ro r2o
[Seth, 1964, and Seth and R oss, 1964]
R eaction Tem perature 
range °C ,
R eference
Fe203 + 3H2 ->  2F e + 3 H 20 Joseph (1936)
Hematite ore Tenenbaum and Joseph (1939)
Hematite ore 800 El-Meharry (1955)
Taconite ore Bautista and Tiemann (1962)
750 Seth and Ross (1966)
Fe203 +  Partially reformed natural 
gas —» Fe +  Gases
800 - 1050 Strangway and Ross (1966)
3 Fe203 +  H 2->  2 Fe304 + H 20 960 Wilhelm and St. Pierre (1961)
Fe203 (ore) +  3 CO ->  2 Fe + 3 
C 02
760 - 871 Smith and McKewan (1962)
Fe304 +4H 2 -»  3 Fe +  4 H 20 700 Udy and Long (1943)
Fe304 (ore) +  CO 3 FeO + C 02 850 Schenck and Schulz (1960)
It can be seen that this last equation (2 .37) is com posed o f  two terms. W hen the first 
term is neglected as compared to the second, the equation is reduced to 
kP
—  t = 1 - (1 - X B ) 1/3 (2 .38)
rop
28
which is the equation for a chemically controlled reaction. When the second term is 
neglected as compared to the first, the rate equation is reduced to
t = 1 - 2/3 XB - (1 -XB ) 20 (2.39)
r2og
which is the case for a process controlled by diffusion through a non-porous reaction 
product.
Fig. 2-5. Reduction o f hematite ore by H2 at 800 °C 
[data by El-Mehairy, 1955, replotted by Seth and Ross, 1966]
Like other topochemical reactions, the propagation o f the interface proceeds in such 
a way that it maintains a position parallel to the crystal face from which it originated. 
Further, if  a reaction takes place in steps, then each step will be characterized by its 
interface. For example, the reduction o f iron oxide by hydrogen or carbon monoxide, 
according to the equations,
Fe203 + 3 H 2 -> 2 F e  + 3 H 20 (2.40)
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Fe203 + 3 CO -> 2 Fe + 3 C02 (2.41)
proceeds according to the scheme,
Fe203 -»  Fe304 -> FeO -> Fe (2.42)
consequently, a partially reduced pellet o f Fe203 will exhibit a multilayered structure as 
shown in Figure 2-6. The reduction o f each oxide layer proceeds in a topochemical fashion 
o f its own so that the spacing o f the various interfaces is mainly a function of specific rate 
factors.
Fig. 2-6. Partially reduced Fe203 pellet by hydrogen at 750 °C, etched.
The layers are, from the inside outwards : Fe203 (center), Fe304, FeO, and Fe. 
[Bitsianes and Joseph, 1953]
2.9.2. GAS- SO LID REA CTIO N  M ODELS [ Levenspiel, 1979]
The shrinking core model (SCM ) is the most widely used and the most important o f 
models. However, it can only fit some o f the many types o f solid reactions. In searching for 
an appropriate model one should use all relevant information, from reaction chemistry to 
physical examination o f the pellet. There are some clues to look for : Is the pellet porous or
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not ?, does porosity change during reaction ?, on slicing o f  pellet is there a core o f  reactant 
surrounded by a shell o f  product ?, does reaction produce a flaky product ?, and so on. 
What is needed are simple m odels which can adequately describe and follow  the behaviour 
o f  reacting particles, and by simple m odels it is meant those w hose predictions can be 
obtained by relatively simple mathematics, and whose parameters can be fitted directly by 
experim ent The outlines o f  som e proposed m odels, starting with the shrinking core model, 
is given in what follow s.
2 .9 .2 .1 . SC M  - TH E SH R IN K IN G  C O R E M O D EL
This m odel often reasonably represents the behaviour o f  real pellets, and it gives 
simple easy to handle conversion expressions. For a reaction such as :
A (g ) + b B  (s) = >  R (g) + S (s) (2 .4 3 )
There are three resistances in series :
(1 ) . D iffusion o f  A  through the gas film  surrounding the pellet
-1/Sex (dNA/dt) = kg (Cag - Cas) , ..... kg = m /s (2 .44  )
(2 ) . D iffusion o f  A  through the product layer
-1/Sat ( dNA/dt) = D e (dCA/dr) , .....  D e = m2/s (2.45 )
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(3.)Reaction at the unreacted core
1/Sat core (dNA/dt) = ks Cac , . . . .  ks = m/s (2.46 )
Figure 2-7. The shrinking core pellet model.
a) For in the extreme o f reaction control or product layer diffusion control the SCM is a 
one parameter model with either Trx or Tpr as the characteristic time. Also one finds
S C M  reaction control £?VeS ^obs — ^rx f
S C M  ash diffusion control §JVeS T'obs ^ash
Graphically, these extremes are shown in Figure 2-8
Figure 2-8. Plot o f XB and time, and plot o f reaction time and radius.
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b) Shift in controlling mechanism : as a pellet is being converted the controlling mechanism 
could shift to product diffusion. The opposite does not occur. The reason for this is that the 
pellet starts with no product layer, hence no resistance to solid diffusion. So overall, if  
product diffusion control is observed it means that at low conversion o f that pellet some 
other resistance must have controlled, but that the shift occured at such low XB that it was 
not noticed it. Graphically this is show in Figure 2-9.
Figure 2-9 Plot o f F(XB) and time for product layer control 
and chemical reaction control.
c) Different controlling mechanisms for different particle sizes :
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d) The SCM is a phenomenological model, consequently many possible mechanisms of 
reaction and types o f solid can give this observed behaviour, for example, both porous 
and non-porous solids, reaction o f solids with or without gas, etc.
e) The SCM can not account for S-shaped conversion-time behaviour.
f) The SCM predicts that 100 % conversion o f solid will be achieved in a reasonable time, 
or twice the time it takes to get to 87 % conversion. It cannot account for situations 
where the conversion seems to level o ff at a value below 100 %.
2.9.2.2. UCM  - THE U N IFO RM  CONVERSION M ODEL
Figure 2-11. The uniform conversion model.
(a) The UCM  (see Figure 2.11) is a one parameter model and many different mechanisms 
can give this observed behaviour. Thus all sorts o f conversion - time progressions and all
sorts o f R vs x relationships can give rise to the UCM.
All these forms o f the UCM are often extremes o f other models.
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Figure 2-12. Plot o f conversion (XB) and time, and
observation time ( i  )as a function o f radius.
2.9.2.3. G PM  - TH E GRAINY PE L L E T  M ODEL
This is simple representation o f die reaction o f porous solids
Assume that each pellet 
consists o f spherical 
grains o f solid, all o f the 
same size. Assume no size 
change with reaction, thus 
no change in pellet voidage.
Assume that each grain reacts 
away according to the SCM 
diffusional with either product 
diffusion or reaction control.
<68?  
©
surround \vŷ  
<2v\\Arontt\€nV
The movement o f gaseous reactant between 
the grains into the pellet is subject to 
resistance.
Figure 2-13. The grainy pellet model.
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(a) The GPM  is a two parameter m odel whose characteristic tim es are
Tgraxn = time for com plete conversion o f  a grain in a CA environment.
Tdiff = time for com plete conversion o f  a particle by diffusion i f  Xgrain = 0  
this assumes that the only resistance to the conversion o f  the pellet is that o f  diffusion o f  
gaseous reactant between the grains.
(b) At the extreme where x ^  «  thus negligible diffusion resistance, all the grains 
react away at the same time and in the same way. Here
* One observes the UCM
* X B vs t follow s the SCM  with reaction or product layer control.
* x0bs = Tgron and this is independent o f  R.
This extreme is characteristic o f  small pellets.
(c) At the extreme where x ^  »  Xg,*,
* One observe the SCM, with product layer control
* ôbs ~  d̂iff I*
(d) In the intermediate regime, and this is the general case, both diffusion between grains 
and the conversion o f  grains influence the rate and one ends up with behaviour as 
shown in the sketches in Figure 2-14.
(e) In m ost part the X B vs t behavior o f  the GPM  is sandwiched by the SCM  curves, the R  
vs x predictions are som ewhat different, but then only for small R. In the intermediate 
regime the GPM  requires a computer to generate the X B vs t curves.
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(f) The GPM can account for observations between the SCM and the UCM, it cannot 
account for S-shaped conversion-time behaviour, and it cannot represent systems where 
the conversion levels o f below 100 %.
Other models o f porous reacting solids were considered by Sohn and Szekely 
[ 1974].
^  Y \  I I I  L l  O  A  " A  L_1 .  A .  — a  _A . _ La a _  _ I a 1 _ f  W 0 1  A  A t * ■ A ' I
tV\e slr\aded> a v e a  giVes tk e  predhcUows tU e  Q  p(A
Figure 2-14. Plot o f XB and time, also observation time and quadratic radius.
2.10. NON-ISOTHERM AL K IN ETIC S
As noted earlier, the course o f reaction depends on time and temperature. If 
temperature changes with time, MacCulum and Tanner, accordingly suggest that [ 1970 ] :
if XB = /  (T, t) (2.47)
then
dXB 3KB 3KB 3T
dt ~dl̂7 + (~ 3T ^  3t^ (2.48)
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where,
X B : degree o f  reaction (conversion level) 
t : time (m in)
There has been m uch controversy [Felder and Stahl, 1970, Gam, 1974] regarding 
this equation. It has been pointed out that must be zero for X B cannot change
instantaneously. Various other arguments [Segel and Vlad, 1976, Gorbachev and 
Logvinenko, 1973] have subsequently been given to counter equation (2.48). It is now  
accepted that the reaction rate is given by the slope o f  the plot o f  X B vs. t whether the 
temperature is varying or not. Actually, equation (2 .47) can be true for state function 
whereas X B is a path function.
The basic equation o f  non-isothermal kinetics is derived by combining three 
equations as follows:
(a) The differential form  o f  the kinetic equation :
(dXB/dt) = k f(X B ) (2 .49)
where, X B : degree o f  reaction (conversion level)
t : time (m in) 
k : rate constant (min'1)
/  (X B ) : an appropriate function which equals to 1/g (X B ).
when
g (X B )=  k. t ,  (2 .50)
equation (2 .50) is the integral form  o f  kinetic equation.
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(b) The Arrhenius type relationship as for isothermal reduction, 
k = A exp (-E/RT) (2.51)
where, A : 
E  
R 
T
pre-exponential factor (s'1) 
activation energy (kJ/mol) 
gas constant (kJ mol*1 K'1) 
temperature (K )
(c) The equation representing general variation o f  temperature with time :
r = A ( 0  (2*52)
For general variation o f  temperature as given by equation (2 .52) :
dT
~jt = A  (0 (2-53)
where, } \  (0  : an appropriate function
f \  (i): first derivative o f  f i  (t) with respect to time.
However, in case o f  a constant heating rate :
T -  a + Bt (2 .54)
equation (2 .53) has the following form :
dT
dt
= B (2.55)
The basic kinetic equation for non-isothermal kinetic data is obtained by combining equation 
(2.49), (2 .51), and (2.53).
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2.10.1. EVALUATION OF KINETIC PARAMETERS
Both the differential form and various approximate integration are in use for analysis 
o f  non-isothermal kinetic data.
From equation. (2 .49) and (2 .51) we have :
d(XB/dt) = A[exp (-E/RT) /  (X B ) (2.56)
or g  (X B ) = J“ /  RT)dt (2 .57)
Reviews o f some o f the methods o f  approximate solution o f the integral reported in 
the literature have been given by several works [Coat and Redfem , 1964, D ixit and Ray, 
1982]. According to Coats and R edfem  [1964] expression for evaluating kinetic parameters 
is given b y :
i rr r llogio [ - I n — ~2—  J t AR[a 2RTlog io ----- 1- ------
& BE\ E 2303RT
(2.58)
It is seen from equation. (2 .58), that a plot o f  the left hand side (LHS) against 1/T 
gives a straight line with slope o f  (E/R) if  the temperature range is narrow.
However, these equations are obtained for cases where heating rate is constant. For 
a general variation o f  temperature as given by equatan (2.52), the basic equation o f  non­
isothermal kinetics combining equatan (2.49), (2 .51), and (2.53), can be expressed as:
(dXB I dT)fL{tJ = {_ E ! RT)  (2 .59)
f ( X B )  F v 7
Therefore, a plot o f  either In [(dX B /dt)//(X B )] or In [((dX B /dT )./i (t))//(X B )] against 1/T 
should give a straight line.
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The kinetic parameters E and A should be obtainable from the slope and intercept, 
respectively. This procedure is, however, valid for all cases whether heating rate is fixed or 
not.
2.10.2 . PR E D IC T IO N  O F C O U R SE O F R EA C TIO N
If during the temperature variation or fluctuation the reaction is assumed to be 
isokinetic and the kinetic parameters are assumed to retain fixed values then it is possible to 
analyse and predict the kinetic data. To predict the course o f  reaction for a known 
temperature-time schedule one must first evaluate the kinetic parameters using som e test 
runs where not only the temperature time history should be known but X B , degree o f  
reaction, values must be determined at close intervals o f  time experimentally. Here the 
kinetic parameters E and A are strictly used as determined from the non-isothermal test run 
data. They can, however, usefully be employed in analysis and prediction o f  a course o f  a 
reaction occurring under temperature fluctuations. A  knowledge o f  these parameters from  
the non-isothermal test run can then be used in evaluation o f g (a ) in equation (2.57). The 
right hand side (RHS) integral, for a given T-t plot, can be obtained by plotting exp (-E/RT) 
values at instantaneous values o f  time and then by numerical integration o f  the area covered 
on the t-axis. Multiplication o f  the total area under the curve, for a given value o f  time (t) 
with ‘A ’ correspondingly gives the value o f  g(X B). If the g(X B ) is known from isothermal 
experiments or otherwise, one can evaluate XB as a function o f  t.
The underlying assumption in the preceding treatments has been that the kinetic 
parameters remain unchanged during the entire period o f  reaction.
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2.11. HYPOTHESIS
The properties o f  an ore which determine its reducibihty (Section 2 .6) are as 
follows: pellet size, shape, pellet size distribution, density, porosity, crystal structure, and 
composition.
2 .11.1 . P ellet Size
The optimum size o f  a pellet to be used in the industrial reduction process is within 
the range o f  10 mm to 20 mm. The smaller pellets will be reduced faster reaching final 
reduction state than the bigger pellets. B y chosing the reducing gas velocity above the 
critical velocity, during the reduction process pellets will undergo two step reaction control. 
In the initial condition the chemical reaction is more dominant controlling the reduction, and 
after reaching certain value o f  conversion level the controlling step will shift to product layer 
diffusion. Therfore, the relationship between reduction time (t) and pellet radius (r) will 
give the value o f  the radius order (p ) in the range o f  1 to 2.
On the other hand the smaller pellets will be controlled more dominantly by 
chemical reaction while the bigger pellets w ill be controlled by product layer diffusion.
To prove the effect o f  pellet diameter, in this reducibility study will be observed for 
pellet diameters o f  8 mm, 12 mm, 14 mm, 16 mm and 18 mm.
2.11.2 . Shape
The shape o f  raw materials have an important effect in the reduction process. In 
this study the actual pellet type which are used as the raw material in PT. Krakatau Steel
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(pellet types A, B , C and D ) are employed, so the shape in the laboratory reduction process 
can be assumed will give the same effect
2 ,11 .3 . P ellet size distribution
The size distribution o f  raw materials is one o f  the reduction process variable. A  
desirable feed material depends on the process type, where the general requirement o f  two 
process types are as follow s :
Pellet size Vertical Shaft
M oving Bed Reduction Fixed Bed Reduction
9.5 by 16.0 mm 85 % min. 80 % min.
6.3 - 9.5 mm 9 % m ax
-6.3 mm 1 % max. 0.1 %
D ue to limitation o f  the size o f  the furnace diameter, the effect o f  pellet size distribution 
could not be observed.
2.11.4. Density and Porosity
The pellets which have high density will have low  reducibility because they have low  
porosity. On the other hand, pellets that have high porosity will have high reducibility. 
According to die data, it can be predicted that pellet type D  will have the lowest reducibility 
because its average porosity is 15.37, while the other three types are : pellet A  = 19.84 %, 
B = 19.25 %, and C = 18.95 %). Pellet A  apparently has the highest value o f  porosity so 
it should have the highest reducibility.
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2. 11.5. Composition
Composition means including the Fe content, mainly type o f  iron oxide which 
com pose the pellet, and also the other chemical composition like silica oxide, magnesium  
oxide, calcium oxide, and so forth.
The pellet A has low  silica content ( lower than 1 % average ), while the other three 
pellet types have more than 1 % (pellet B = 1.63 %, C -  1.32 %, and D  = 1.64 %), so 
that the pellet A  should have better reducibility than the others because o f  decreased 
formation o f  glassy products.
Although the addition o f  lim e (CaO ) to pure oxides can improve the reducibility o f  
pellets, but the presence o f  silica could decrease the reducibility. The pellet A  has the 
low est lime content (on average 1 %), while the other three pellets have more than 1.3 % 
(pellet B = 1.85 %, C = 1.42 %, and D  = 2.31 %). Based on such data the pellet type A  
should have the best reducibility.
The presence o f  cem ent coating on the pellet can improve its sticking index, but its 
other effect could decrease the reducibility because the cement coating will hinder the gas 
penetration to the pellet body.
Also, the com position o f  reducing gas has an important effect on the reduction 
results, therefore the pellets which receive the fresh gas will produce high conversion.
2 .11 .6 . The effect o f  tem perature
Due to the reduction process being endothermic, the high reduction temperature 
should give more progressive change o f  conversion than low  temperature. Also the high 
reduction temperature will give the high rate constant (k).
For the same reduction time the isothermal process should produce higher 
conversion than the non-isothermal process.
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CHAPTER III 
EXPERIMENTAL
3 .1 . A pparatus
- Digital Carbolite Furnace (Reactor) m odel EML 11/2 controller :
103, serial no : 2/91/283.
- Reactor tube
- Personal Computer
- Manometer tube
- Pressure indicator
- Pellet basket
- Nitrogen bottle and incineration system
- Piping systems and valves and restriction orifice
A  line diagram o f  the apparatus is shown in Figure 3-1 and the photograph in Figure 3-2  
and 3-3.
3.2 . M aterials
- Four kinds o f  iron ore pellets which have been used as raw materials in 
PT. Krakatau Steel with diameter 8, 12, 14, 18 mm.
- Reformed gas as reduction gas tapped from the industrial reformer.
- Bottled nitrogen for balance blanketing and ignition inhibiton.
- Inert gas (C 0 2 + N 2) as reduced iron-cooling gas tapped from industrial line 
header.
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3 .3 . Procedure
The clear list for this was as follow s :
3.3.1. Preparation
- Put two measured pellets with the same size in the basket. Then hang the filled  
basket is on the balance which connected with the programmed computer.
3 .3 .2 . Preheating
- B low  the inert gas to the reactor by opening o f  gate valve and adjusting the flow  o f  
inert gas to 10 -1 5  Hters/minute.
- Switch-on the reactor to reach desired temperature by heating rate 15 °C/minute.
3 .3 .3 . R eduction Process
3 .3 .3 .1 . Isothermal
- There were three conditions for the isothermal reduction : 850 °C, 900 °C, and 
950 °C, as the process temperature.
- After reaching die target temperature as mentioned above the inert gas is replaced 
by reformed reducing gas. The flow  o f reformed gas was maintained at 40  
Hters/minute.
- The weight loss o f  pellets during reduction was recorded by computer for 30  
minutes (uncoated pellets), and 60 minutes (coated pellets).
3 .3 .3 .2 . Non-isothermal
- Starting o f nonisothermal process at 650 °C.
- During increasing temperature o f  the reactor from 400 °C to 650 °C the inert gas 
flow  was 20 to 30 liters/minute.
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- When temperature o f  650 °C was reached, the inert gas was replaced by reformed 
gas o f  40 Eters/mmute, and the nitrogen gas shielding was used to prevent 
detonation or explosion o f  the hot reduction gas coming out from the reactor.
- Increase temperature o f  the reactor by steps o f  10 °C/ min. until reaching 
950 °C.
- Computer is set to record o f  weight loss for every 5 minutes.
3.3.4. CooEng Stage
- When the reduction stage was finished reformed gas was replaced by inert gas 
with flow  rate o f  15 Eters/mmute.
- The shielding o f  nitrogen gas was shut - o ff
- CooEng down o f  reactor until temperature reaches 400 °C
- Record the weight o f  the reduced iron at the temperature o f  400 °C.
- Take out the reduced iron from reactor and cool down to room temperature.
- Balance such reduced iron when reaching room temperature.
3.4. Experim ental V ariables
AE experimental data were duplicated, they are :
3 .4 .1 . Isothermal process :
The isothermal process was chosen as the main process observation, where the 
process variables were :
3 .4 .1 .1 . Uncoated pellets, for peHet types : A, B , C, and D , where the pellets diameters 
was 12 mm. The process temperatures were 850 °C, 900 °C, and 950 °C.
3 .4 .1 .2 . Coated peUets, for peflet types A, B , C, where the peEet diameters were 12 mm. 
The process temperatures were 850 °C, and 950 °C.
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3 .4 .1 .3 . Pellet diameter. Diameters o f  pellets for the experimental observation were 8mm, 
14mm, 16mm, and 18mm, where the process temperatures were 850 °C, 900 °C, 
and 950 °C.
The pellet type used in this variable was pellet C.
3 .4 .1 .4 . Pellet position
To observe the effect o f  pellet position, pellet types A ,B,C and D  were used and 
the process temperature was 950 °C.
3.4 .2 . Non-Isothermal
The non-isothermal process condition was the minor process observation, where 
the range o f  die process temperature was 650 °C to 950 °C with the constant rate 
o f  temperature increase.
3 .4 .2 .1 . Uncoated pellets.
The pellet types used for this variable were A ,B, and C where the heating rate was 
10 °C/minute.
3 .4 .2 .2 . Cement coated pellets
The pellets used were also A ,B and C, but the heating rate was 5 °C/minute.
3.5 . Standardized Identification o f  Sam ples.
3 .5 .1 . Isotherm al P r o c ess:
- Un-coated pellets and cem ent coated pellets.
- The pellet types used were : A, B , C, and D .
- Process temperature : 850 °C, 900 °C, and 950 °C.
- The example o f  samples identification are :
1) . I-N C -A -850
2) . I-CT-A-850, where :
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I = Process isothermal
NC = Non-coated pellets or un-coated pellets.
CT = Coated pellets (cem ent coated pellets)
A = Pellet type A
850 = Process temperature o f  850 °C.
3 .5 .2 . N on-Isotherm al Process :
- Un-coated pellets and cem ent coated pellets.
- The pellet types used were : A, B , C, and D .
- Range o f  process temperature : 650 °C to 950 °C.
- The example o f  samples identification are :
1) . N I-N C -A -850
2) . NI-CT-A-850, where :
N I = Non-isothermal
NC = Non-coated pellets or un-coated pellets.
CT = Coated pellets (cem ent coated pellets)
A = Pellet type A
950 = The final process temperature o f  950 °C.
3 .5 .3 . E ffect O f D iam eter
- U sed un-coated pellets
- The pellet type used was C
- Process temperature o f  950 °C.
- Pellet diameters : 8 mm, 14 mm, 16 mm, and 18 mm.
- The example o f  samples identification is D 08IC 950 :
D 08 = pellet diameter o f  8 mm C = Pellet type C
I = Process isothermal 950 = Process temperature o f 950 °C .
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3.6. Analysis of Pellets Porosity
3 .6 .1 . A rchim edes M ethod
- The purpose is to analyze the porosity and the apparent density.
- The pellet types observed were : A, B, C, and D.
- In each pellet type 10 pellets were observed.
- The equation used was as follows :
Apparent Density = a / ( b - ( d - c )  ......  ton / M3
Porosity = [ 100x ( b - a ) ] / [ b - ( d - c ) ]  ........  %
Where :
a : Weight o f a single , clean, dry pellet ( after heated at temperature 120 °C for 
24 hours).
b : Weight o f wet pellet (after immersed in the water for 2 hours), 
c : Weight o f the fine wire used, 
d : Weight o f wet pellet hanging free in the water.
3.6.2. M etallograpic Q uantitative M ethod
- The purpose is to determine amount o f the pellet porosity on a cross-sectional 
area of the pellet.
- The pellet types observed were : A, B, C, and D.
- For each pellet type 6 cross-sectional areas were observed at 100 
magnifications.
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Notes :
1. Thennocople
2. Basket with iron ore pellet
3. Reaction tube
4. Furnace
5. Wire - hanger
6. N 2 inlet
7. N2 out-let
8. Balance
9. U-monometer
10. Pressure indicator
11. Manual control valve
12. Personal computer
13. Moisture trap
14. Source o f inert gas
15. Source o f reformed gas
16. Restriction orifice
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Figure 3-2. Photograph o f reductibility test experimental apparatus arrangement.
Figure 3-3. Photograph o f a reducibility test experimental fiimace 
and a Computer as data logger.
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CHAPTER IV
RESULTS
4.1. P r e lim in a r ie s
4.1.1. R eproducibility o f  th e data
All experimental data o f  reduction tests with all kinds o f experimental variables : 
diameter, temperature, coating, position, and type o f  pellets were carried out in duplicate 
to monitor reproducibility and increase validity o f  the data analysis by averaging the 
duplicate results.
An example o f  reproducibility o f  the measurements for pellet type C at 
temperature o f  950 °C, and diameters o f  8 mm, and 18 mm is shown in Table 4-1.
Table 4-1. Duplicate measurments o f  conversion level for pellet C 
as a function o f  time at 950 °C.
Time XB XB XB XB
Minutes D 08IC 950 D08IC950 D18IC950 D18IC950
0 0.000 0.000 0.000 0.000
5 0.261 0.260 0,101 0.100
10 0.489 0.497 0.201 0.200
15 0.702 0.708 0.355 0.350
20 0.825 0.820 0.485 0.487
25 0.879 0.880 0.558 0.547
30 0.921 0.920 0.655 0.652
35 0.944 0.940 0.819 0.800
40 0.966 0.977 0.871 0.870
45 0.974 0.986 0.905 0.900
50 0.985 0.992 0.993 0.979
55 0.991 0.100 1.011 1.000
60 1.000 1.014 1.031 1.021
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Note: D08IC950 = Diameter 8 mm, Isohermal process, Peflet type C,
and Temperature 950 °C.
D18IC950 = Diameter 18 mm, Isohermal process, Pellet type C, 
and Temperature 950 °C.
B y inspection o f Table 4.1 the reproducibility o f  the reduction results may be 
considered to be extremely good. Although this was mostly the case there were instances 
when duplicate results did not agree so well. This was particulary so when the pellets used 
were sampled at random from a stockpile. However, as this represents industrial reality the 
results that were duplicated to within about 30 % were averaged while those that were 
significanly outside this value were rejected.
The maximum value o f  the conversion level (XB) should be one, but in the reality 
som e o f  data were detected slightly exceed o f  that value this can happen due to the error.
4.1.2. G as V elocity
The gas-solid reactions, like m ost reduction processes, normally are controlled by 
several kinetic controlling rate factors ; the gas film  or boundary layer control, chemical 
reaction control, and product layer diffusion control. The condition o f  the present 
experiments were selected so as to ensure chemical reaction and/or product layer difíusion  
control only. To ensure that the effect o f  gas film  control was eliminated the gas velocity 
was maintained above the critical velocity as required by theoretical considerations (Section  
2.8 .6). As the results in Figure 4-1 show the volumetric flow  rate o f  40 liters per-minute 
selected is past the critical limit for experimental velocity.
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Figure : 4 -1. Determining o f critical velocity o f reducing gas 
in the Reactor Reduction Experiment.
4.1.3. P ellet P osition
As shown in Table 4 - 2a for both processes, Isothermal and Non-Isothermal, the 
reduction results indicate that the pellet position during the process affects the product 
quality. The lower pellet position (direct contact with the gas) generally produced higher 
percent metallization than the top position (indirect contact with the gas).
The reason for this phenomenon is due to the reducing gas concentration for the 
bottom- side pellet being high while for the upper-side it is less than that because there 
are some product gases like C 0 2 and H20  emanating from below. The presence of 
oxidising gases (C 02 and water vapour) decrease the strength o f the reducing gas which, 
as shown in Section 2.8.6, has a deleterious effect on the reduction kinetics. This 
phenomenon also occurs in the actual industrial processes as shown in Table 4-2-b which 
indicates for pellet types A, B, C, and D where the fresh reducing gas comes from the top 
at a temperature o f 1000 °C and exits at the bottom. As Table 4 -2b shows all kinds of 
pellets and reductions (reduction number) indicate that the top-side result always has the
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highest percent metallization than the medium and bottom level. One example o f  each type 
o f pellet is as follow s : reduction number 03096 for pellet A, top = 97.77 %, medium = 
96.73 %, and bottom = 74.31 %. Pellet C : top = 95.03, medium = 83.47 %, and bottom  
= 79.30 %. And for pellet D  with reduction number 07132 : top = 92.18 %, medium = 
77.65 %, and bottom = 64.35 %.
Table 4-2a. Percent metallization o f  pellets as a function o f  position
inside experimental reactor.
ISO TH ERM AL N O N
ISO TH ERM AL
Pellet T = 90<)°C T = 950 °C T = 850 °C T = 650 - 950 °C
Type BOTTOM TOP BOTTOM TOP BOTTOM TOP BOTTOM TOP
A 85,76 81,26 85,93 75,01 86,82 79,62 70,47 68,13
B 75,06 74,07 74,43 70,88 69,23 70,88 66,12 54,16
C 71,96 69,21 75,97 74,85 57,69 53,80 64,66 54,34
D 76,98 76,56 79,42 75,63 73,39 66,62 63,30 59,74
Table 4-2b. Percent metallization o f  pellets as a function o f  position 
inside H yl-1 PTKS reactor.
Pellet Type : A _________ Pellet Type : B
Position
Reduction Number
Awg.
Reduction Number
Avrg.03096 13084 14217 15292 03096 13084 14217 15292
Top 97.77 97.62 97.37 97.04 97.45 96.78 94.19 95.48 93.63 95.02
Medium 96.73 95.31 96.29 95.89 96.06 94.71 89.09 89.55 86.6 89.98
Bottom 74.31 83.76 95.19 95.89 87.29 78.22 82.97 79.33 82.91 80.85
Pellet Type :C  _______________ Pellet Type : D
Position
Reduction Number
Avrg.
Reduction Number
Avrg.03096 13084 14217 15292 06129 07132 08121 06131 08123
Top 95.03 97.83 93.63 91.13 94.41 85.92 92.18 95.30 93.27 95.58 94.08
Medium 83.47 84.12 89.06 79.73 84.1 74.59 77.65 81.94 79.64 79.57 79.70
Bottom 79.3 69.36 83.64 75.98 77.07 56.76 64.35 63.10 59.88 60.21 61.89
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N otes : Condition o f  HYL-I reactor,
Fresh gas com es from  the top 
Reduction temperature is 1000 °C.
4.1.4. C hoice Of K inetic M odel
According to explanation in Section 2.6 and also Figure 2-4 that illustrates the 
cross section o f  a partially reduced dense iron-ore particle, reduction often shows a core 
o f  hematite surrounded by three concentric layers, an inner layer o f  hematite, a layer o f  
magnetite, and an outer porous layer o f  metallic iron.
Section 2.9 describes reaction o f  hematite with hydrogen to be iron and water 
vapour, and kinetic equation [ 1-(1-X B )1/3] = k.t is follow ed for reduction controlled by 
the chemical reaction, while [1-3(1-X B )2/3 + 2 (1-X B ) = k . t  for reduction controlled by 
product layer diffusion, where X B is conversion level. Bitsianes and Joseph [1953] 
showed that the reduction o f  iron oxide by hydrogen or carbon-monoxide is according to 
the reaction (2-30), and (2-31), and it proceeds according to the scheme (2-32). Figure 
4-2 shows two examples o f  the present results using the relationship between F(X B ) = [1- 
(1-X B )1/3 ] for chemical reaction control, and [ l^ l - X B ) 2* + 2 (1-X B ) ] for diffusion 
control, versus time.
According to the results in Figure 4-2 a and b, and those mentioned above, it can be 
reasonably concluded that reduction o f  the present pellets follow s the shrinking core 
model.
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F(XB) VERSUS TIMES FOR PELLET TYPS A
Figure 4-2a. Plot o f the present results that follow the chemical 
reaction control of shrinking core model (SCM).
Figure 4-2b. Plot of the present results that follow the product layer 
diffusion control of shrinking core model.
Further evidence is provided by the micrograghs of the cross-section of partially 
reduced pellets given in Figure 4-3a, b, c, and in Appendix B. Note that in the present study 
bromophenol red etchant was used to better delineate the phases [ Forth, 1984].
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Figure 4-3d is macrograph of the cross-section partially reduced pellet using bromophenol 
red etchant It shows that the reduction process follows the shrinking core model which is 
identic to that shown in Figure 2-4.
Using bromophenol red etchant results in colour differences of sponge iron (DRI). 
The outer shell is the more dominant Fe metal (white-yellow) and on progressing inwards 
there are wustite layer (blue), magnetite (beige), and in the centre is hematite (white brilliant 
and dominant).
Figure 4-3a. Micrograph of partially reduced pellet. Location : pellet surface.
Etched in bromophenol red, x 100 magnification.
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Figure 4-3b. Micrograph of partially reduced pellet 
Location : in between the surface and centre o f pellet. 
Etched in bromophenol red, x 100 magnification.
Figure 4-3c. Micrograph of partially reduced pellet.
Location : centre o f pellet.
Etched in bromophenol red, x 100 magnification.
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Figure 4-3d. Macrograph of cross section partially reduced pellet.
Etched in bromophenol red.
4.2. Effect of Pellet Size
The size of pellets used to observe effect of size in the present reduction process 
were 8, 14, 16, and 18 mm diameter, while the temperature of the process was chosen 
at 950 °C (isothermal). As the behaviour for diameter 16 mm and 18 mm was very close, 
so they have been represented by diameter of 17 mm.
As shown in Figure 4-4 conversion levels (XB) versus time for several pellet 
diameters indicated that until 50 minutes of reduction time, generally the conversion level 
of smaller pellet diameter has a higher value than the bigger pellet. Such case can happen 
due to the smaller pellets having bigger surface contact area while larger pellets provide 
less surface area ( Section 2.6 ), so that among the many pellets the smaller one will have 
the higher conversion than the bigger one.
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These graphs (Figure 4-4) also indicate that when the conversion level exceed 0.85  
or more, the rate o f  reduction is very slow. This case can happen when in the final 
reduction ( 8 5  percent and over ) the reduction rate decreases drastically showing that 
som e determining process is taking over control ( Section 2 .8 .5  ).
According to metallographic examinations o f  the cross-section o f  the reduced iron 
ore pellet as represent in Figure 4-3a,b,and c show that the reduction reaction follow  the 
topochem ical type as mentioned in Section 2.6. The small isolated remnants o f  wustite 
surrounded by dense layers o f  metallic iron impervious to the penetration o f  the reducing 
gas which is similar to Fig. 2-4 and Figure 2-20. Reduction can continue only by the 
solid-state diffusion o f  oxygen atoms outwards or, in the case o f  carbon monoxide, by the 
diffusion or carbon atoms inward through the iron layer. This slowing down o f  the 
reduction rate is usually attributed to the sintering and reciystallization o f  the newly- 
formed metallic iron which occurs readily at temperatures above about 650 °C and 
drastically decreases the porosity o f  the particles, as described in Section 2.8.5.
Additionally, Figure 4 - 4  shows that the form o f  the curve for diameter 8 mm is 
continuos and smooth as expected, while for the other two diameters (14 mm and 17 
mm). Figure 4-4 indicates som e irregular form. This phenomenon may be due to the 
chemical structure in the large pellet being less uniform than the small ones caused when 
the pellets are formed in the pelletizing process [Standish, 1995]. But considering overall 
reduction control, almost for all pellet diameters the changing o f  reaction control occurs 
at approxim ate^ F l(X B ) = F2 (X B ) = 0.5 or XB = 0.87, as shown in Table 4-3 and 
Figure 4-5 a and b, where FI (X B ) = [ 1- (1-X B ) ia ], and F2 (X B ) = [ 1-3 (1 -X B )“  
+ 2 ( 1-XB ) ]. This means all experimentally used sizes o f pellet have the same behaviour 
in terms o f  reduction control.
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Table 4-3. Conversion level, XB as a function of time 
for several pellet diameter.
D17C950 D14IC 950 D108C 950
TIMES XB
D = 17 mm
XB
D = 14 mm
XB
D = 08 mm(MIN)
0 0.000 0.000 0.000
5 0.116 0.199 0.260
10 0.199 0.292 0.497
15 0.318 0.402 0.705
20 0.473 0.649 0.822
25 0.560 0.758 0.879
30 0.725 0.878 0.920
35 0.840 0.911 0.942
40 0.890 0.954 0.971
45 0.938 0.987 0.980
50 0.995 0.995 0.989
55 1.017 1.004 0.995
Figure 4-4. Relationship between conversion level, XB, versus time 
for pellet type A and several pellet diameters.
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and F2 (XB) = diffusion control, (DIFF-CTL) versus time 
for pelet type A as a function of pellet diameters.
By analysing the relationship between pellet size ( radius o f pellet) and the 
reduction time, t a r p ( Section 2. 8.8. ) it is obtained that at the initial condition of 
conversion level, XB from 0.0 to 0.4, or the radius order (p) of 1< (p) < 1.5 , this value 
indicates that the chemical reaction controls the rate of reaction as shown in Table 4-4 and 
Fig. 4-6. Figure 4-6a shows the effect o f pellet size on radius order (p ) and Figure 4-6b 
shows the effect of XB on radius order (p) . From Fig 4-6b it may be seen that with 
increasing XB the effect o f gas diffusion through the solid shell is increasing. If  only one 
step controls then there should be no effect of XB on (p) and (p) would be constant. 
From theory ( Section 2.8.8 ) maximum value of (p) = 2. The fact that it is here 2.4 is 
almost certaintly due to errors. The differentiating feature among the three sizes of pellets 
is such that the pellet diameter or radius o f 4 mm indicates the radius order ( p ) raises
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more sharply with the increasing of converssion level (or time) than the other two sizes. 
These conclusions show again that the small size particle has more uniform and perfect 
structure than the bigger sizes.
Table 4-4. Radius order, p for relationship between
reduction time, t versus pártele radius, r.
RADIUS
CONVERSION LEVEL, XB
XB = 0.2 XB = 0.4 XB = 0.6 XB = 0.8 XB = 0.9
4.0 1.00 1.45 1.82 2.08 2.40
7.0 1.00 1.39 1.51 1.67 1.81
8.5 1.00 1.33 1.54 1.64 1.77
Figure. 4-6a. Relationship between radius order (p) and pellet radius (r)
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Figure. 4-6b. Relationship between radius order (p) and conversion level (XB).
When conversion level ,XB, is in between 0.4 and 0.8 the radius order is also in 
between 1.5 to 2.0. Such a condition indicates that mixed control governs the rate of 
reaction ( Section 2.8.8 ).
4.3. Effect of Temperature
Figure 4-2 and Table 4-5 show an example of reduction test results of the effect 
of temperature on the reaction kinetics from which it is evident that the reduction follows 
shrinking core m odel. The rate constant of reaction, k, is obtained from the relationship 
between FI (XB) and F2 (XB) versus time where the rate constant is the slope, and FI 
(XB) for chemical reaction control and F2 (XB) is for product layer diffusion control, as 
described in Section 2.9.2. The activation energy obtained by using Arrhenius expression 
of eqn (2.27) is shown in Table 4-5.
As represented by the Arrhenius expression the rate constant value,k , as shown 
in Table 4-5, rises proportionally with the increase of process temperature. Comparison
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o f the results in Table 4-5 with Table 2-1 it is seen that the activation energy for the 
reduction o f  hematite using standard gas and actual gas (reformed gas) both lie inside the 
published range (1 .7 5 - 1 5 .2  kcal/mol).
Table 4-5a. Rate constant for pellets type A.
Process condition : Isothermal and Un-coated Pellet.
I-NC/950/900/850
TEMP,°C dX/dt LN(dX/dt) 1/T TEMP, K k
(1/SEC)
1223 0.09042 -2.4033 0.000818 950 0.0255
1173 0.07100 -2.6451 0.000853 900 0.0220
1123 0.05408 -2.9173 0.000890 850 0.0200
Rg, k.J/mol.K 
0.008314
EA/Rg ACT. EN ERGY.EA PRE-EXP,AA
kJ/mol k.cal/mol mol/sec.
-7140.96 59.37 14.15 3.44
Table 4-5b. Activation Energy (EA), for Un-coated Pellets.
PELLET TYPES
A B C D
EA.kJ/mol 59.37 36.09 59.37 52.53
EA.kcal/mol 14.15 8.6 14.15 12.52
PE-EXPONENTIAL 3.44 1.06 3.42 2.7
4.4. E ffect o f  coating on the reduction o f  iron ore pellets
Trend o f the reaction control for both un-coated and coated pellets indicates 
(Figure 4-7) almost the same behaviour . Figure 4-7 indicates that in the initial condition 
the chemical reaction is more dominant to influence the control and after about the
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conversion level value (XB) o f 0.40 the product layer diffusion is taking over the control. 
The apparent differences in the two graphs are due to the differences in the number of 
observation data points. To reach the final reduction for uncoated pellets requires about 
30 minutes, while for coated pellets the final reduction is about two times that, as is 
clearly shown in Figure 4-8.
ildiSQQ:
: •• •■• 16 •• 24-
Figure 4-7a. Behaviour of reaction control for un-coated pellets.
Fig. 4-7b. Figure 4-7b. Behavior of reaction control for cement coated pellets.
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Table 4-6. Differences of rate constant (k, sec.*1) between un-coated pellets 
and cement coated pellets as a function of temperature.
P E L L E T  T Y P E S
A B c
850 °C 900 °C 950 °C 850 °C 900 °C 950 °C 850 °C CO o o o O 950 °C
uncoated 0,0202 0,0220 0,0255 0,0226 0,0246 0,0244 0,0236 0,0243 0,0256
coated 0,0116 0,0093 0,0123 0,0070 0,0098 0,0107
Figure 4-8. Relationship between conversion level, XB and time.
(a), coated pellets, and (b). un-coated pellets.
Table 4-6 shows that the k value for the coated pellets is lower than for un-coated 
pellets at the same temperature. These conditions can happen because such cement 
coating will cover the surface area and so inhibit the gas diffusion through the pores of the 
pellets. The presence of cement component like silica, in the surface area of the pellet seals 
the pores and decreases the reducibility o f the pellet as described in Section 2.8.6.
As already noted in Chapter I that the basic consideration of observation for coated 
pellet was due to actual industrial activity in HYL-in process of PT. Krakatau Steel where
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the feed pellets must be coated before being fed to the reactor, which purpose is to avoid 
the sticking problem in the reactor at the normal process temperature o f 930 °C. The 
operational experience proved that when the plant was started-up by using un-coated 
pellets,the sticking problem began to occur from temperatures o f  850 °C. The final 
decision was taken to avoid such problem by using the suspension o f  cement, which is 
poured from the mixing tank to the pile o f  pellets on the running conveyor. The proportion 
o f pellets coated is predicted to be about 30 percent volum e (bulk) o f  conveyed pellets, 
and the two will mix with each other in the several conveyor transfer points. In industrial 
activity there is no significant difference between the energy consumption detected during 
the reduction process, and this is almost certainly due to much o f  the cement coat being 
rubbed o ff the surface o f  pellets during conveying and final charging into the reactor.
B y consideration o f  the initial reduction rates o f  the laboratory pellets, as shown in 
Table 4-7, it may be seen that the value for both conditions (coated and un-coated) is 
almost similar. The expectation was that the initial rate for coated pellets will indicate a 
more slower rise than for un-coated pellets since there was an additional layer on the 
surface o f such pellets.
Table 4-7 Initial rate (dx/dt) t = 0-5 o f  reduction process for coated and un-coated pellets.
Pellet Types
Condition A B C D
850 °C Coated
Uncoated
0.0639
0.0541
0.0818
0.0606
0.0434
0.0508
0.0537
900 °C Coated
Uncoated 0.071 0.0702 0.075 0.0681
950 °C Coated
Uncoated
0.0668
0.0904
0.0674
0.0828
0.0468
0.0847 0.0846
The reason for two results being similar is most probably because when the 
reduction takes place the component o f  cement like CaO, S i0 2, A120 3 and Fe20 3 will react
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with tiie reducing gas (H  and/or CO) so that the w eight changes o f  both pellet conditions 
can not be distinguished significantly by the experimental method used, v iz  weight change 
at least for the initial stage.
4.5. Com parison o f P ellet Type
A s shown in Table 4-2a, the laboratory analysis (percent m etallization) indicates 
that pellet A  always has the highest metallization level than the other three types (B , C,and 
D ) for each process temperature. The reality in industry with Hyl I and Hyl HI o f  F IX S  
iron making plants also show s that the performance o f  pellet A  is better than the others as 
shown in Table 4-2b. Further support is obtained by comparing the average values o f  
industrial basket tests, shown in Table 4 -10b.
dx
By comparing the initial reduction rate (— ) values in Table 4-lO a, and rate
at
constant, k , in Table 4 -6  it is evident that there is no significant differences among the 
pellets investigated This phenomenon can be explained as fo llow s : The laboratory 
analysis indicates that pellet A  has the highest m etallization level. This is because based  
on the chemical com position, as shown in Table 4-8  and Appendix A , pellet type A  has 
the low est silica  (S 1O2 ) and lim e (CaO) content than the others. Section 2.8.6 explains 
that tiie slilica  hinders the reduction o f  iron oxides by forming ferrous silicate or fayalite 
(2FeO.SiC>2) by combining with wustite during agglomeration. And also, it has been found 
that the addition o f  lim e to the pure iron oxides greatly improves the reducibility o f  
pellets, due especially  to the formation o f  dicalcium ferrite (2Ca0 .Fe203 ) during the 
induration o f  pellets. H ow ever, the presence o f  s ilica  in lim e could decrease the 
reducibility depending upon the relative amounts o f  the basic and acidic oxides, by 
forming low-m elting compounds which soften over a  w ide temperature range and seal the 
pores in the p e lle t
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The porosity analysis using the two methods, namely Archimedes method and 
metallographic quantitative (counting) method, as shown in Table 4-9  and Apendix B , 
indicated that pellet type A  has the highest value o f  porosity (percent) than the others (pellet 
B , C, and D ). H ow ever, the results o f  die metallographic method show more clearly that 
pellet A  has the highest value o f  porosity ( average 45.29 %) w hile the low est is pellet D  
( average 24.03 %). B esides the above reason, the observation o f  the pore size and its 
distribution indicates that pore size for pellet A  is sm aller and also has a  very good pore 
distribution, as shown in Appendix C.
Table 4 -9a  and 4-9b show  the differences o f  the measured porosity between both 
methods (M etallographic quantitative method and Archimedes method) and that using die 
Archimedes method give a  sm aller value than the metallographic quantitative method. This 
can be explained by noting that with the Archimedes method the water penetrates through 
the interconnected pores only, w hile the metallographic quantitative method counts all 
pellet pores.
In PT. Krakatau Steel the industrial activities also indicate that pellet A  produces 
higher percent metallization than the other three pellets ( pellet B , C, and D  ) as shown in 
Table 2-2b, but has more sticking tendency (90 %) than the other pellets (60 % to 80 %). 
Therefore, to get die optimum raw material feed for die process those pellets are mixed, 
moreover in die HYL-BI process such pellet mixtures are coated with the cement to 
decrease the sticking index.
Table 4-8. M ain chem ical components in the four kinds o f  pellets used.
Component PeBet Types
A B C D
Fe total 
Fe 2+ 
SI02 
CaO
67.61
0.35
0.94
1.04
66.8
0.65
1.63
1.85
66.9
0.25
1.32
1.42
66.57
0.40
1.69
2.18
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Table 4-9a. Pellets porosity and its density using the Archimedes method
SAMPLE
No.
Pellet A Pellet B Pellet C Pellet D
DENS
t/M*3
PR S T
%
DENS
t/M*3
P R S T
%
DENS
trtvTO
PR ST
%
DENS
t/M*3
PR ST
%
1 3.63 20.64 3.34 19.72 3.36 20.04 3.76 16.64
2 3.73 18.45 3.89 18.73 3.40 18.89 3.70 16.58
3 3.67 18.41 3.41 19.51 3.34 21.03 3.63 17.63
4 3.61 20.82 3.46 17.52 2.80 19.10 3.94 15.39
5 3.60 20.73 3.35 20.55 3.75 13.61
6 3.63 17.86 3.39 17.73 3.42 20.99 3.68 17.40
7 3.62 20.55 3.30 21.34 3.50 20.22 3.97 13.74
8 3.71 19.33 3.35 19.65 2.37 17.03 3.76 13.09
9 3.65 20.91 3.42 17.86 3.68 15.38
10 3.60 20.67 3.37 19.93 3.38 19.91 3.77 14.20
Total
Avrg.
38.35
3.63
198.36
19.84
34.27
343
192.54
1925
25.05
3.13
15825
19.78
37.63
3.76
153.67
1527
N otes : DENS =  Apparent density , PRST =  Porosity
Table 4-9b. P ellet porosity using metallographic (counting) method
Pefet A Pefet B Pefet C Pefet D
Pic. Porosity Pic. Porosity Pic. Porosity Pic. Porosity
No % No % No % No %
4 44.83 10 31.50 OO 37.70 16 28.60
5 49.66 11 36.90 O 28.70 17 24.00
6 48.83 12 36.83 1 37.33 18 19.30
7 40.60 13 31.00 2 35.67 19 18.40
8 42.80 14 32.80 3 40.67 20 25.6
9 45.00 15 31.50 22 33.56 23 28.3
Avrg 45.29 ■ - 33.42 - 35.61 - 24.03
N ote : Pic. =  Picture (M icrograph o f  pellet surface)
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The very close values o f  rate constant, k, and the initial reduction rate (dx/dt ) 
may be explained as due to the very small differences o f  observed conversion level (X B), 
which w ere obtained during the test for all kind pellets as is obvious in Fig. 4-10. The 
sim ilarity o f such data (weight change) may be due to that in the initial condition the 
oxides on both coated and un-coated pellets has almost the same chance to react with the 
reducing gas.
dx
Table 4.10a. Reduction rate (— ) for isothermal un-coated pellets
CONDITION PELLET TYPES
TEMP. °C A B C D
850 Coating 0.0165 0.0155 0.0155 -
Non-coating 0.0314 0.0324 0.0322 0.0324
900 Coating - - - -
Non-coating 0.0318 0.0325 0.0326 0.0324
950 Coating 0.0161 0.0165 0.0159 -
Non-coating 0.0329 0.0328 0.0328 0.0327
Table 4-10 b. Averages o f reduction results in Hyl I process 
(Basket test) for 4 kind o f pellets.
Pellet Type
Position A B C D
Top 97 .45 95 .02 94.41 94 .08
M edium 96 .06 89 .98 94 .10 79 .70
Bottom 87 .29 80 .8 5 8 77 .07 61 .88
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Figure 4-9. Conversion level (XB) versus time for the four kinds o f pellets 
studied, for Non-coated pellet and isothermal process.
4.6. NO N-ISO TH ERM AL PRO CESS
4.6.1. E ffect o f Tem perature or Time and Conversion L evel (XB).
Besides the isothermal process as the main experinmental condition there also was 
conducted the additional observation condition i.e. the non-isothermal process. The reason 
of this condition is due to in the Hyl-I PT. Krakatau Steel direct reduction process, the 
iron ore pellet go under non-isothermal conditions when being reduced
Figure 4.10 shows a plot o f conversion level (XB) and time or elevated temperature 
(from 650 °C to 950 °C). It shows that the curve of non-isothermal process (Figure 4.10) 
has different feature than curve of isothermal process (Figure 4.9). The non-isothermal 
curve from beginning of reduction process indicates more linear course than the isothermal 
curve (see. Fig. 4.9). This phenomena can be due to the isothermal process having the
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maximum reaction at such certain temperature which is controlled by chemical reaction, 
and time-wise the product formed will be thicker so that at that condition die controlling 
rate o f reaction is taken over by product layer diffusion. On the other hand in the non­
isothermal process the rate of reaction progressively changes following the changes of 
temperature.
Figure 4-10. Plot of conversion level (XB) and time or temperature, 
for non-isothermal process.
Figure 4.11 shows the reaction control for non-isothermal process. By comparing 
die results in Figure 4.11 with those in Figure 4.4a it can be seen that die control step of
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non-isothermal process has almost sim ilar behaviour with isothermal process, when in the 
beginning condition chem ical reaction controls the rate o f  the reduction and after reaching 
some value o f  conversion level the product layer diffusion is more dominant to control the 
reduction process.
Figure 4-1 l a . Figure 4-1 lb .
Figure 4 -1 1 . Reduction step control o f  the non-isothermal process 
for uncoated (a) and coated pellets (b).
4.6.2. Com parison o f The Isotherm al and N on-isotherm al Process.
Figure 4 -1 2a, b, and c show  the conversion o f  different pellets used in the 
experiments for different process conditions, i.e: isothermal process-coated pellets, 
isothermal-uncoated pellets, non-isothermal coated pelllets, and non-isothermal uncoated 
pellets.
A s shown in Table 4 -2a  that at the same reduction time the precent m etallization o f  
the isothermal process is always also higher than the non-isothermal process. A lso, Table 
4.2b (the basket test ofH Y L -I reduction results) shows that the medium and the bottom
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level have lower metallization than the top. The reason of these phenomena is not only 
caused by low reducing exhaust gas concentration, but also the process condition at the 
medium and bottom level inside the reactor is non-isothermal during the reduction process 
taking place.
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Figure 4 -12a Conversion pellet type A.
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Figure 4-12c. Conversion pellet type C.
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Figure 4-12c. Conversion pellet type C.
Figure 4-12. Plot of conversion level and reduction time for different 
process condition for pellet types A, B, and C, where the 
nomenclature is as follows :
I = Isothermal process
NI = Non-isothermal process
CT = Coaled pellets
NC = Un-coated pellets
A/B/C = Pellet types
950 = The reduction temperature of 950 °C.
Figure 4.13 shows the progress of temperature and reduction time in HYL-I process 
ofPT. Krakatau S teel. The curve no.l is the gas heater-radiant chamber temperature, no. 2 
is the process gas temperature inside the tube, no. 3 is the top chamber temperature of 
reduction reactor (top-side o f iron ore bed in the reactor), and no.4 is the bottom-side of 
iron ore bed reactor.
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The curve no.4 is used as temperature control of the reduction process. It indicates 
that during reduction the bed temperature changes non-isothermally, and the elevating 
temperature is a function of time. Only the top-side of pellet layer has the isothermal 
condition (curve no. 3).
Figure 4.13. Graph of reduction temperature in HYL-I reactor 
of PT. Krakatau Steel.
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Figure 4 .12  indicates the conversion (reduction results) o f  isothermal process from 
beginning o f  reduction m ostly always has the higher value than non-isothermal process even 
for a ll kind o f  pellet types. And also the un-coated pellets have the higher results than 
coated pellets for both process condition, isothermal and non-isothermal.
The reason for this is due to the cement coating on the pellets giving additional 
surface resistance to penetration o f  reducing gas than un-coated pellets. And the maximum 
o f  the conversion level in non-isothermal process is controlled by die reaction rate in each 
temperature level, w hile die isothermal process has the maximum conversion rate at the 
given process temperature.
There is an interesting behaviour for isothermal process coated pellets and non­
isothermal process un-coated pellets. From the beginning o f  reduction die isothermal 
process coated pellets have always higher value o f  conversion level than non-isothermal 
process un-coated pellets. At the certain value o f  conversion level these curves intersect, 
and after that point the curve o f  the isothermal process coated pellets is relatively constant, 
w hile curve o f  the non-isothermal process un-coated pellets is still rising.
This phenomenon can be explained as fo llow s : Firstly, the isothermal process 
coated pellets with relatively constant temperature o f  950 °C w ill have the maximim 
reaction rate at that such given temperature, w hile die non-isothermal process un-coated 
pellets start o f  reduction at 650 °C so, o f  course, the reaction rate w ill increase as die 
temperature increases. This is proven by the curves in Figure 4-12a-c, where from the 
begining until fiftheenth minute o f  reduction time (or conversion level close to 0.80) die 
isothermal process coated pellets have higher conversion level than non-isothermal 
uncoated pellets. Secondly, although the isothermal process coated pellets have higher 
reduction rate, but die forming o f  product layer is also faster than for non-isothermal 
process un-coated pellets because in the initial raw material the isothermally reduced 
pellets have the cement coating. So that in the short time die isothermal process coated
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pellets w ill have thicker product layer than the non-isothennal process un-coaled pellets. 
At this condition the controlling o f  reduction rate is  taken over by product layer diffusion 
for isothermal process coated pellets, w hile for non-isothermal process un-coaled pellets 
die control is still by chem ical reaction at the elevated temperature.
4.6.3. Effect O f Temperature
Considering the kinetic parameters for non-isothermal process codition by using the 
basic equation (Section 2 .10), the activation energy for un-coated and coated pellets in non­
isothermal process (Table 4 -11) lie  inside the published raqge as shown in Table 2 - 1 .
Table 4-11. The kinetic parameters o f  the non-isothermal process 
for coated and un-coated pellets.
UN-COATED PELLETS CEMENT COATED 
PELLETS
P ellet Types P ellet "types
A B C A B C
Pre-exponential, (second 1 ) 15.01 30.00 71.17 1.43 32.33 2.48
A ctivation Energy k.cal/m ol 13.20 14.60 16.48 8.01 14.22 9.03
Table 4-12 and Figure 4-14 a  and b show the effect o f  temperature on the rate 
constant for both types o f  the reduction processes, isothermal and non-isothermal. These 
curves prove that the rate constant increases with increasing o f  process temperature 
(Section 2-9.1). There are some differences in the value o f  rate constant (k) between 
isothermal and non-isothermal processes, w ich is not reasonable in investigations o f  this 
kind.
Additionally, die results in Figure 4-14 do not clearly fo llow  the expected ranking 
o f  the three kind o f  pellets ( A , B  and C) w ith respect to their reducibility in practice.
8 2
Nevertheless, the results clearly show that the isothermal process can indicate the 
principal features o f the non-isothermal process and this therefore is in accord with theory 
[Prakash and Ray, 1990].
Table 4-12. The rate constant (k) for the isothennal and non-isothermal process.
Temperature The rate constant, k (second1)
Isot Gennai process____ Non-isothermal process
(C) (K) A B C A B C
850 1123 0.0202 0.0226 0.0236 0.0391 0.0543 0.0428
900 1173 0.0220 0.0246 0.0243 0.0456 0.0712 0.0509
950 1223 0.0255 0.0244 0.0256 0.0525 0.0915 0.0596
Figure 4 -14a Plot o f rate constant (k) and temperature for 
isothennal process un-coated pellets.
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Figure 4 -14a. Plot o f rate constant (k) and temperature for 
isothermal process un-coated pellets.
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CHAPTER V
CONCLUSIONS
1. H ie reduction o f  hematite pellets investigated fo llow s the shrinking core model 
(SCM ). This w as indicated by metallographic analysis o f  the slicing o f  partially 
reduced pellets, using bromophenol-red etchant, showing topochem ical behaviour.
2. For all variable conditions em ployed; pellet type, p ellet diameter, cement coated 
and uncoated pellets, isothermal and non-isothermal process, the reduction w as 
subject to m ixed control. In the initial condition the reduction w as controlled by 
chem ical reaction, and thereafter the control w as taken over by product layer 
diftusioa
3. For the same reduction time the sm aller pellets exhibited a  more progressive change 
o f  conversion than the larger pellets. This finding fo low s theory.
4. Temperature had a  laige effect on the reduction. The activation energy o f  the 
reduction o f  the hematite pellets, using actual industrial reformed gas, for both un­
coated and coated condition, lie  inside the published range (1 .75-15.2 kcal/m ol).
5. B esides die temperature effect on the reduction process, also the position o f  the raw  
material (pellet position) both in the laboratory furnace and inside the industrial batch 
reactor affected the quality ( percent m etallization ) o f  the product
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6. The rate constant (k) at the same temperature for un-coated pellets has higher value
than for the cement coated pellets. This w as attributed not only to cement coating 
covering the surface area o f pellets and inhibiting the gas penetration through die 
pores o f  the pellets, but also to the presence o f  low  melting point cement 
components sealing the pores and decreasing the reducibility o f the pellets.
7. For all pellet types used the un-coated pellets reduced isothermally had highest 
conversion level, and the low est conversion was exhibited by coated pellets reduced 
non-isothermally.
8. The isothermal process can indicate die principal features o f  die non-isothermal 
process.
9. The laboratory results confirm those found in PT. Krakatau Steel industrial reduction 
process that pellet type A  is more reducible than the other pellet types (B, C and D ), 
because pellet A  has lower silica  and lime content and also has higher porosity than 
the other pellets.
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APPENDIX A
SAM PLES OF THE CHEMICAL A N D  PHYSICAL  
PROPERTIES OF IRON ORE PELLETS 
U SED  IN  PT. KRAKATAU STEEL
COMPOSITION OF PELLETS ARE USED IN PT. KRAKATAU STEEL
Component PeBet Type Average
A 160 A 188/95 A 107/94 A 190/95 A 185/94 A 178/95 A 185/95 A 186/95
TotalFe 67.7 67.71 67.57 67.55 67.59 67.52 67.7 6752 67.61
Fe2+ 0.3 . . - - 0.4 0.3 - 0.35
S 0 2 0.35 0.88 0.92 0.93 1 0.92 0.93 0.96 9.94
CaO 038 136 139 136 133 135 034 139 1.64
MgO 0.7 0.72 0.78 0.71 0.73 0.7 0.65 0.76 0.72
MnO 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08
Ti02 0.14 - - - - 0.16 0.14 - 0.14
A1203 037 0.19 0.22 033 033 033 033 033 033
V205 0.18 0.21 0.21 031 031 031 0.16 031 030
P 0.022 0.029 0.027 0.027 0.027 0.026 0.032 0.028 0.027
S 0.001 0.0008 0.0012 0.0014 0.0012 0.001 - 0.0032 0.0014
Confortent Pellet Type Average
662 663 666 867
TotalFe 665 66.8 663 67.0 66.95
Fe2+ 030 0.20 1.70 050 1.10
3 0 2 1.49 157 1.71 1.75 1.73
CaO 1.78 1.61 231 1.79 2.00
MgO 035 038 0.75 0.77 0.76
MnO 0.07 0.06 0.11 0.08 0.10
302 0.63 033 033 0.03 0.03
AI203 0.44 0.49 0.52 0.49 051
V205 0.002 0.008 0.005 0.008 0.007
P 0.034 0335 0.043 0.030 0.037
S 0.006 0.004 0.004 0.008 0.006
Component PeBet Type Average PeBet Type Average
C 53 C 59 D 1 D 2 D 3
TotalFe 66.8 67.0 66.90 663 66.4 66.4 66.57
Fe2+ 030 0.30 0.25 0.40 0.36 0.43 0.40
S 0 2 1.44 1.19 1.32 1.64 1.72 1.72 1.69
CaO 133 1.21 1.42 231 3.18 235 251
MgO 0.57 0.47 0.52
»10 0.09 0.15 0.12
T02 0.06 0.06 0.06 0.11 0.19 0.09 0.130
«203 0.75 0.48 0.62 039 0.35 0.46 0.400
V205 0.003 0.007 0.005 0360 0.120 0.160 0.180
P 0.022 0328 0.025 0329 0.026 0336 0.030
S 0.003 - 0.003 0.004 0.005 0.004 0.004
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Sample of 
Identification 
Origin 
Rccivcd on 
Analysis required 
Remarks
l’ ELLET A »
03 s/d 09 HOPEMBER 1993. 
CHEMICAL ANALYSIS.
Resulls
Test Method According SOP No.: 3133 QC03 025
Indeks Abrasi 4 ^5.0 itxa ) = 4.1
Indeks Tumbler ( ^6.3 naa ) *=95.6
3bulk Density =* 2.10 T/H
Humidity = 1.16 X
Compressive Strenght *= 303 .25 Kg .
Belt Scales by PT.Krakatuu Steel • • • 64.786 TON
Sli.e Distribution retained on 18.0 uta = 1.75 X
16.0 ma. = 7.79 X
12.5 uaa — 62.95 X
9.0 Uil = 21.57 ' X
6.3 sa 2.52 X
5.0 uaa — 1.57 X
<5.0 una — 1.65 X
CHEMICAL COMPOSITION ( AFTER DRY AT 110°C ) t
Total Fe 33 67.8 X t í o 2 ix 0.15 X
re2+ SS 0.3 X V2°5 « 0.21 X
SI0„2 ss 0.93 X A12°3 S3 0.25
* *¥' u
CaO £3 0.98 X P S3 0.020 X
UgO ss 0.73 X s S3 0.001 X
MaO - O.OÜ X Cilegon, 26 Nopember 1993
A-2
__________  lr. MULATTO___________
CHEMICAL LABORATORY SUPERINTENDENT
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9 íf t£ G O N  OFFICE
LABORATORY OFFICE
WISMA BAJA'. JALAN JEN. GATOT SUBROTO KAV. 54. 40i A 5th FLOOR. JAK - SEL 
PHONE : 510266. 510454. 510ÍÍI. 511796. TELEX : 4595» <k 45959 PT KS IA 
P.O. BOX 174. FAX (021) 5200S76 - 520420» ~
CILEGON • JAWA BARAT, INDONESIA T '
PHONE : 36750», 367653, 367542, 377204. TEI.EX : 45595 A 45533 CILEGON.W'r,?;
P.O. BOX 14. FAX (021) 341126 - 34S23S - 34Í275 
CILEGON - JAWA BARAT INDONESIA 
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CHEMICAL LABORATORY  
REPORT
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Identification 
Origin 
Rccivcd on 
Analysis required 
Remarks
PELLET
02 s/d 07 PEBRUAR1 1994. 
CHEMICAL ANALYSIS.
Test; Method According SOP no.: 3133 (}C03 025.
Results . Index Tumbler > 6.3 mm = 94.17 XIndex Abrasi — 6.3 + 0.6 rnn = 2.43 X
- 0.6 rom = 3.40. X
Bulk Density = 2.03 T/M3
Humidity - = 1.08 X ,
. Compressive Strength = 276.5 Kg.
Belt Scales by Ft.Krakatau Steel ......... 70.076 H/T
Size Distribution Retained on !• 16.0 rom = 6.10 X
9.0 - 16.0 rnm. = 80.13 X
6.3 - 9.0 mra — 12.02 X
- 6.3 ma = 1.75 X
¡IlEMICAL COMPOSITION ( AFTER DRY AT 110°C ) :
Total Fe = • 67.0 X Ti02 r= 0.03 X
Fe = • 0.5 X a i 2o 3 = 0.49 X
CaO = 1.79 X V2°5 0.008 X
Si02 = 1.75 X P = 0.030 X
HgO = 0.77 X 3 = 0.008 X
MnO = 0.08 X
Cilegon, 17 Pebruari 1994
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JAKARTA OFFICI: : WISM A BAJA. JA IA N  JEN. CÌATOT SUIIROTO KAV. 54, 4th A 5ih FLOOR, JAK - 5EL
PI IONE : 5 1 0 1 « . 510454 , 510**1, 511796, TELEX : 4595» A 45959 F r  KS LA 
• P.O. BOX 174. FAX (021) 5200*76 • 520120»
CILEGON OFFICE : C1LF.GON - JAWA BARAT, INDONESIA
PI IONE : 36750*. 367653. 367542, 377201, TELEX : 45595 A 45533 CILEGON IA 
. P.O. BOX 14. FAX (021) 34*126 - 34*23* - 34*275
LABORATORY OFFICE : CILEGON • JAWA BARAT INDONESIA
P1IONE EXT. : 1002, 1003, 1010, CILEGON
C H E M I C A L  L A B O R A T O R Y  
R E P O R T
LAB. No. : JS/..3........./P K P B B -K S /.. .Ì ........ /19 94.
Sample of : PELLET C
Identification : C .
Origin : - ^
Rccivcd on :
. . . . . . CHEMICAL ANALYSIS.Analysis required :
Remarks :
Test: Method A ccord ing  SOP n o . : 3133 QC03 025 .
Indeks Tumbler ^ 6 . 3  mm = 96 .97 7.
Results ; .
Indeks A b ras i  -  6 .3  + 0 .6  mrn = 0 .9 8 7.
—0 .6  mm = 1 .05 X
bulk D e n s i ty  = 2 .0 5 T/M3
Humidity = 2 .1 9 7.
i Com pressive S tren g lit  = 3 5 1 .3 Kg.
S iz e  D i s t r i b u t i o n  R eta in ed  on + 8 -  18 . 0 mrn = 92 .56 X
" \ < 6 .3 mm = 0 .9 7 X'—'
CHEMICAL COMPOSITION ( AFTER DRY AT 110 C ) :
Fe T o ta l  = 6 6 .8 X TiO? = 0 .0 7 X
Fe2+ - 0 . 4 X A l2°3 = 0 .5 7 • X
S i° 2  = 1 .6 5 X V2°5 0 .0 0 9 X*
CaO = 1 .7 3 X P = 0 .0 2 8 X
MgO = 0 .7 1 X S = 0 .0 0 3 X
MnO = 0 .0 9 X
Cilcgon, 01 P ebruari 1994.
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PT  K R A K A T A U
JAKARTA OFFICE
•i& CILEGON OFFICE
LABORATORY OFFICE
V C V A  EAIA. IALAN IES. GATOT SUEROTV' RAY. M, Jk SA RXOR. IAK. - SEL 
PII ONE : 510266. 51WS4. 510111. 511796, TELEX : 45951 A 45959 PT RS IA 
P.O. BOX 174, FAX (021) 5200*76 - 520420*
CILEC-CN - JAWA BARAT. INDONESIA
PHONE : 56750*. 367653, 367542, 377204. TELEX : 45595 A 45533 CILEGON'ÌAsY- 
P.O. BOX 14, FAX (021) 34*126 - 34*23* - 34*275 ■
CILEGON - JAWA BARAT INDONESIA 
PHONE EXT. : 1002, 1003, 1010. CILEOON
CHEMICAL LABORATORY  
REPORT
LAB. No. : /PKPBB-KS/.....ÍÍ .. /19
Sample of :
Identification :
Origin :
Rccived on :
, , . . , CHEMICAL ANALYSIS.Analysis required :
Remarks :
Index Tumbles > 6.3 ram = 96.67 X
Index Abrasi — 6.3 + 0.6 rara = 0.96 X
Results . — 0.6 ma — 2.37 X
Bulk Density = 2.22 T/M
\
Humidity = 1.07 7.
Compressive Strength = 467.1 Kg.
Belt Scales by Ft.Krakatau Steel ... = 65.844 M/T
Size Distribution Retained on 18.0 ram = — 1
1 1; 16.0 mm = 2.0 X
12.5 mm =' 51.71 X
« P -w > r; ' 1 0 .0 mm = 36.84 X6.3 mm = 7.70 7.
j; 5.0 rara = 0.50 X
■ * o . < 5 *0 min = 1.25 X
‘¿IIEMICAL COMPOS ITION ( AFTER DRY AT 110 C )
T o t a l  Fe = 66.9 X Ti02 = 0.11 X
„ 2+F e = 0.4 X A l O2 3 = 0.39 X
Si02 = 1.64 X V2°5 0.26 X
CaO = 2.31 X P s= 0.025 X
MgO = 0.39 X S = 0.004 X
llnO • = 0.05 X Cu = 0.006 X
K20 = 0.076 X
Na20 = 0.025 X Cilegon, , 17 Pebruari 1994
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APPENDIX B
PELLETS POROSITY USING TWO METODS
1. ARCHIMEDES METHOD
2. METALLOGRAPHIC QUANTITATIVE 
(COUNTING) METHOD
DETERMINATION OF PELLETS DENSITY USING THE ARCHIMIDES M ETHOD
SAMPLE
No.
Pellet A Pellet B Pellet C Pellet D
A PP-D EN
t/MA3
P O R O S ITY
%
A PP -D E N
t/MA3
P O R O S ITY
%
APP-D EN
t/MA3
P O R O S ITY
%
A PP-D EN
t/MA3
P O R O S ITY
%
1 3.63 20.64 3.34 19.72 3.36 20.04 3.76 16.64
2 3.73 18.45 3.89 18.73 3.40 18.89 3.70 16.58
3 3.67 18.41 3.41 19.51 3.34 21.03 3.63 17.63
4 3.61 20.82 3.46 17.52 2.80 19.10 3.94 15.39
5 3.60 20.73 3.35 20.55 0.00 0.00 3.75 13.61
6 3.53 17.86 3.39 17.73 3.42 20.99 3.68 17.40
7 3.62 20.55 3.30 21.34 3.50 20.22 3.97 13.74
8 3.71 19.33 3.35 19.65 0.00 0.00 3.76 13.09
3 3.65 20.91 3.42 17.86 1.83 18.08 3.68 15.38
10 3.60 20.67 3.37 19.93 3.38 19.91 3.77 14.20
Total
_____
36.35
3.63
198.36
19.84
34.27
3.43
192.54
19.25
25.05
3.13
158.25
19.78
37.63
3.76
153.67
15.37
DETERMINATION PELLETS POROSITY USING METALLOGRAPHIC QUANTITATIVE
Pellet A Pellet B Pellet C Pellet D
Pic. No Poroslty.% Pic. No Poroslty.% Pic. No Poroslty.% Pic. No Poroslty.%
4 44.83 10 31.50 OO 37.70 16 28.60
5 49.66 11 36.90 O 28.70 17 24.00
6 48.83 12 36.83 1 37.33 18 19.30
7 40.60 13 31.00 2 35.67 19 18.40
8 42.80 14 32.80 3 40.67 20 25.60
9 45.00 15 31.50 22 33.56 23 28.30
Avrg 45.29 - 33.42 - 35.61 - 24.03
N ote: Pic. No = Picture number (macrograph of the 9ponge cross-section area)
B-l
C \M B R -A W U P O R O S -M E
ARCHIMIDES METHOD
APPARENT DENSITY -  A ^ B - ( D - C ) )
%  POROSITY -  100*( B - A )/( B - ( D - C))
PELLET TYPE A
NUMBER OF WEIGHT OF SAMPLE. GRAM B - A B - (D-C) APP-DEN POROSITY
SAMPLE A B C D t/M*3 %
1 10.5160 11.1133 1.9491 10.1692 0.5973 2.8932 3.6347 20.6433
2 73173 7.6796 1.9491 7 £649 0.3624 13638 3.7260 18.4516
3 6.3719 6.6919 13491 6.9030 0.3199 1.7380 3.6662 18.4073
4 8.7626 93684 1.9491 8.7883 0.5057 2.4292 3.6072 20.8195
5 7.0590 7.4649 1.9491 7.4556 0.4059 13584 3.6045 20.7265
6 43752 4.4914 1.9491 53300 03162 13106 3.5315 17.8591
7 6.4170 6.7814 1.9491 6.9576 0.3644 1.7730 3.6194 20.5531
8 53166 5.4886 1.9491 6.0306 03719 1.4071 3.7074 193258
9 6.40918 6.77658 1.9491 6.96856 0.3674 1.7571 3.6475 20.9091
10 6.1888 6.54405 1.9491 6.7743 0.3553 1.7189 3.6005 20.6678
TOTAL 3.766 18.849 36.345 198.363
AVERAGE 0377 1385 3.635 19.836
PELLET TYPE B
NUMBER OF WEIGHT OF SAMPLE. GRAM B - A B -(D -C ) APP-DEN POROSITY
SAMPLE A B C D t/M*3 %
1 10.8465 11.4867 1.9491 10.1899 0.6402 3.2459 3.342 19.723
2 10.5876 11.0977 1.9491 103232 0.5101 2.7236 3.887 18.728
3 10.3380 10.9297 1.9491 9.8451 0.5916 3.0338 3.408 19.506
4 7.7794 8.1733 1.9491 7.8737 0.3939 2.2487 3.459 17.518
5 6.6366 7.0436 1.9491 7.0123 0.4070 1.9804 3.351 20.551
6 7 £033 82113 19491 79588 0.4081 23016 3390 17.729
7 8.7087 9.2720 1.9491 8.5812 0.5634 2.6399 3.299 21.341
8 7.0771 7.4929 1.9491 73264 0.4158 2.1155 3.345 19.654
9 9.02215 9.49357 1.9491 8.80344 0.4714 2.6392 3.418 17.862
10 7.29166 7.723 19491 750751 0.4313 2.1646 3369 19927
TOTAL 4833 25.093 342(9 192.540
AVERAGE 0.483 2.509 3.427 19.254
PELLET TYPE C
NUMBER OF WEIGHT OF SAMPLE, GRAM B - A B - (D-C) APP-DEN POROSITY
SAMPLE A B C D t/M*3 %
1 9.3010 9.8550 1.9491 9.03947 0.5540 2.7647 3.3643 20.038
2 7.6978 8.1253 1.9491 7.8114 0.4275 2.2630 3.4016 18.890
3 7.6290 8.1094 1.9491 7.7737 0.4804 2.2849 3.3389 21.026
4 5.3919 5.7591 1.9491 5.7858 0.3672 1.9224 2.8047 19.103
6 7.9027 8.3875 1.9491 8.0264 0.4849 2.3103 3.4206 20.988
7 5.8154 6.1510 1.9491 6.4406 0.3355 1.6595 3.5044 20.219
9 3.98561 4.37984 1.9491 4.148341 0.3942 2.1806 1.8278 18.079
10 7.4085 7.84426 1.9491 7.6045 0.4358 2.1889 3.3846 19.908
TOTAL 3.479 17.574 25.047 158.246
AVERAGE 9.348 1.757 3.131 19.781
PELLET TYPE P
NUMBER OF WEIGHT OF SAMPLE, GRAM B - A B - (D-C) APP-DEN POROSITY
SAMPLE A B C D t/M*3 %
1 12.2983 12.8423 1.9491 11.5224 0.5441 32691 3.762 16.6424
2 7.0198 7.3343 1.9491 7.3872 0.3145 1.8961 3.702 16.5838
3 8.2467 8.6476 1.9491 8.3229 0.4010 22738 3.627 17.6335
4 9.5529 9.9264 1.9491 9.4492 0.3734 2.4263 3.937 15.3911
5 7.9586 8.2473 1.9491 8.0754 02887 2.1210 3.752 13.6126
6 52049 5.4510 1.9491 5.9856 02461 1.4145 3.680 17.3992
7 8.8373 9.1433 1.9491 8.8849 0.3060 2.2274 3.967 13.7374
8 6.8222 7 £597 1.9491 7.1940 02375 1.8147 3.759 13.0884
9 8.90711 9.27971 1.9491 8.80633 0.3726 2.4225 3.677 15.3809
10 8.34058 8.65506 1.9491 8.38991 0.3145 22143 3.787 14.2025
TOTAL 3.398 22.080 37.631 153.672
AVERAGE 0.344 2.208 3.763 15.367
NOTES:
A: WEIGHT OF DRY PELLET 
B : WEIGHTT OF WATERED PELLET (WET PELLET)
C : WEIGHT OF WIRE IN THE WATER 
D : WEIGHT OF IMMERSED PELLET AND WIRE N  THE WATER
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APPENDIX C
SAMPLES OF MICROGRAPH 
OF IRON ORE PELLETS OBSERVED 
WITH X 100 MAGNIFICATIONS
A Sample Micrograph of Pellet type A
A Sample Micrograph of Pellet type B
C -l
A Sample Micrograph of Pellet type D
C-2
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Pellet D
A sample of pores calculation and distribution for pellets A, B, C, and D.
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APPENDIX D
WEIGHT CHANGE OF THE PELLETS DURING 
REDUCTION USING THERMOGRAVIMETRIC
APPARATUS
b:G2S8bÔ
"*î 1 \------- 1--------1------- f------- i------- j--------h --,...... —  - ............  T Une {Wins}
20 r .
"  ............ .0 'P >?
----- 1--------1--------1--------1-------\— H ------- i-------- -I------- 4-------4Time [Miris] ^
PLOT OF WEIGHT CHANGES OF THE PELLETS AS FUNCTION 
OF REDUCTION TIME BY THERMO GRAVIMETRY METHOD
D-l
NC0ATIN2JÜ.S
ISOTHERMAL PROCESS FOR NON-COATED PELLETS
I-NC-01-A-950 2.1959___________ I-NC-01-A-950
W EIGHT T IM ES XB T IM ES F ( X B )
( G R ) (M IN I (M IN ) RX-CTL DIFF-CTL
7.746 0 0.000 0 0.0000 0.0000
6.380 6 0.622 6 0.2770 0.1876
5.682
_ 5.638
5.590
12.
18
0.940
0.960
12 -0 .6085 0.6602
18 0.6580 0.7291
24 0.982 24 0.7379 0.8300
5.585 30 0.984 30 0.7480 0.8415
I-NC-02-A-950__________ 2.4051___________ I-NC-02-A-950
W EIGHT T IM ES XB T IM ES F ( X B )
( G R ) (M IN ) (M IN ) RX-CTL DIFF-CTL
8.484 0 0.000 0 0.0000 0.0000
5.989 6 0.463 6 0.1872 0.0920
5.989 12 0.678 12 0.3146 0.2346
5.989 18 0.924 18 0.5764 0.6137
5.989 24 0.958 24 0.6524 0.7215
5.989 30 0.988 30 0.7711 0.8668
HMC-01-A-900__________ 2.2526___________ I-NC-01-A-900
W EIGHT T IM ES XB T IM ES ______ F ( X B ) ______
( G R ) (M IN ) (M IN ) RX-CTL DIFF-CTL
7.946 0 0.000 0 0.0000 0.0000
6.734 6 0.538 6 0.2269 0.1311
6.099 12 0.82 12 0.4354 0.4036
5.883 18 0.916 18 0.5620 0.5926
5.797 24 0.954 24 0.6417 0.7069
5.788 30 0.958 30 0.6524 0.7215
I-NC-02-A-900__________ 2.3782___________ I-NC-02-A-900
W EIGHT T IM ES XB T IM ES F ( X B )
( G R ) (M IN ) (M IN ) RX-CTL DIFF-CTL
8.389 0 0 0 0.0000 0.0000
7.642 6 0.314 6 0.1181 0.0385
6.955 12 0.603 12 0.2650 0.1735
6.489 18 0.799 18 0.4142 0.3726
6.234 24 0.906 24 0.5453 0.5678
6.127 30 0.951 30 0.6341 0.6963
I-NC-01-A-850__________ 2.1902___________ I-NC-01-A-850
W EIGHT T IM ES XB T IM ES F ( XB )
( G R ) (M IN ) (M IN ) RX-CTL DIFF-CTL
7.726 0 0.000 0 0.0000 0.0000
6.975 6 0.343 6 0.1307 0.0468
6.213 12 0.691 12 0.3239 0.2468
5.805 18 0.877 18 0.5027 0.5040
5.739 24 0.907 24 0.5469 0.5702
5.672 30 0.938 30 0.6042 0.6541
NCOATIN2JG.S
I-NC-02-A-850 1.4226 I-NC-02-A-850
W EIGHT T IM ES XB T IM ES F ( X B )
( G R ) (M IN ) (M IN ) RX-CTL DIFF-CTL
5.018 0 0.000 0 0.0000 0.0000
4.582 6 0.306 6 0.1146 0.0364
4.162 12 0.600 12 0.2632 0.1713
4.003 18 0.712 18 0.3396 0.2677
3.877 24 0.800 24 0.4152 0.3740
3.666 30 0.948 30 0.6267 0.6861
I-NC-01-B-850 2.2065 I-NC-01-B-850
W EIGHT T IM ES XB T IM ES ______ F ( X B ) ______
( G R ) (M IN ) (M IN ) RX-CTL DIFF-CTL
8.011 0 0.000 0 0.0000 0.0000
7.373 6 0.289 6 0.1075 0.0322
6.742 12 0.575 12 0.2482 0.1542
6.310 18 0.771 18 0.3882 0.3351
6.147 24 0.845 24 0.4628 0.4443
5.868 30 0.971 30 0.6928 0.7748
I-NC-02-B-850 2.0102 I-NC-02-B-850
W EIGHT T IM ES XB T IM ES ______ F ( X B ) ______
( G R ) (M IN ) (M IN ) RX-CTL DIFF-CTL
7.298 0 0.000 0 0.0000 0.0000
6.418 6 0.438 6 0.1748 0.0810
6.052 12 0.62 12 0.2757 0.1861
5.666 18 0.812 18 0.4271 0.3915
5.443 24 0.923 24 0.5746 0.6110
5.342 30 0.973 30 0.7000 0.7840
I-NC-01-B-900 2.1479 I-NC-01-B-900
W EIGHT TIM ES XB TIM ES ______ F ( X B ) ______
( G R ) (M IN ) (M IN ) RX-CTL DIFF-CTL
7.798 0 0.000 0 0.0000 0.0000
6.954 6 0.393 6 0.1533 0.0633
6.383 12 0.659 12 0.3014 0.2177
5.940 18 0.865 18 0.4870 0.4805
5.747 24 0.955 24 0.6443 0.7105
5.700 30 0.977 30 0.7156 0.8034
FNC-02-B-900 1.8124 I-NC-02-B-900
W EIGHT T IM ES XB T IM ES F (X B  )
( G R ) (M IN ) (M IN ) RX-CTL DIFF-CTL
6.580 0 0.000 0 0.0000 0.0000
5.766 6 0.449 6 0.1802 0.0857
5.203 12 0.76 12 0.3786 0.3214
4.918 18 0.917 18 0.5638 0.5952
4.842 24 0.959 24 0.6552 0.7253
4.817 30 0.973 30 0.7000 0.7840
I-NC-01-B-950__________ 2.3255___________ I-NC-01-B-950
W EIGHT TIM ES XB T IM ES RX-CTL DIFF-CTL
( G R ) (M IN ) (M IN )
8.443 0 0 0 0.0000 0.0000
7.487 6 0.411 6 0.1618 0.0700
6.748 12 0.729 12 0.3529 0.2857
6.350 18 0.9 18 0.5358 0.5537
6.173 24 0.976 24 0.7116 0.7984
6.152 30 0.985 30 0.7534 0.8475
D-2
I-NC-02-B-950 2.1625___________ I-NC-02-B-950
W EIGHT T IM ES XB T IM ES F ( X B )
( G R ) (M IN I (M IN ) RX-CTL DIFF-CTL
7.851 0 0 0 0.0000 0.0000
6.590 6 0.583 6 0.2529 0.1595
5.954 12 0.877 12 0.5027 0.5040
5.937 18 0.885 18 0.5137 0.5206
5.838 24 0.931 24 0.5898 0.6333
5.732 30 0.98 30 0.7286 0.8190
W C-01-D-850___________ 2.196___________ INC-01-D-850
W EIGHT T IM ES XB T IM ES F ( X B )
( G R ) (M IN ) (M IN ) RX-CTL DIFF-CTL
8.040 0 0 0 0.0000 0.0000
7.403 6 0.29 6 0.1079 0.0324
6.751 12 0.587 12 0.2553 0.1623
6.345 18 0.772 18 0.3891 0.3364
6.048 24 0.907 24 0.5469 0.5702
5.905 30 0.972 30 0.6963 0.7794
I-NC-02-D-850___________ 1.889___________ t-NC-02-D-850
W EIGHT T IM ES XB T IM ES ______ F ( X B ) ______
( G R ) (M IN ) (M IN ) RX-CTL DIFF-CTL
6.916 0 0 0 0.0000 0.0000
6.247 6 0.354 6 0.1355 0.0501
5.709 12 0.639 12 0.2880 0.2010
5.358 18 0.825 18 0.4407 0.4114
5.208 24 0.904 24 0.5421 0.5630
5.086 30 0.969 30 0.6859 0.7660
I-NC-01-D-900__________ 2.2354___________ I-NC-01-D-900
W EIGHT T IM ES XB T IM ES F ( X B )
( G R ) (M IN ) (M IN ) RX-CTL DIFF-CTL
8.184 0 0 0 0.0000 0.0000
7.245 6 0.42 6 0.1660 0.0736
6.499 12 0.754 12 0.3734 0.3142
6.367 18 0.813 18 0.4282 0.3930
6.168 24 0.902 24 0.5390 0.5583
6.016 30 0.97 30 0.6893 0.7704
I-NC-02-D-900__________ 1.9087 I-NC-02-D-900
W EIGHT T IM ES XB T IM ES F ( XB  )
( G R ) (M IN ) (M IN ) RX-CTL DIFF-CTL
6.988 0 0 0 0.0000 0.0000
6.230 6 0.397 6 0.1552 0.0648
5.766 12 0.64 12 0.2886 0.2018
5.469 18 0.796 18 0.4113 0.3684
5.326 24 0.871 24 0.4947 0.4921
5.135 30 0.971 30 0.6928 0.7748
I-NC-01-D-950__________ 2.0442 MMC-01-D-950
W EIGHT T IM ES XB T IM ES F ( XB )
( G R ) (M IN ) (M IN ) RX-CTL DIFF-CTL
7.484 0 0 0 0.0000 0.0000
6.441 6 0.51 6 0.2116 0.1154
6.092 12 0.681 12 0.3167 0.2374
5.587 18 0.928 18 0.5840 0.6248
5.487 24 0.977 24 0.7156 0.8034
5.479 30 0.981 30 0.7332 0.8244
I-NC-02-D-950__________ 1.9835 I-NC-02-D-950
W EIGHT T IM ES XB T IM ES F ( X B )
( G R ) (M IN ) (M IN ) RX-CTL DIFF-CTL
7.262 0 0 0 0.0000 0.0000
6.260 6 0.505 6 0.2090 0.1127
5.721 12 0.777 12 0.3936 0.3428
5.566 18 0.855 18 0.4746 0.4620
5.342 24 0.968 24 0.6825 0.7616
5.318 30 0.98 30 0.7286 0.8190
I-NC-01-C-850 2.4366 I-NC-01-C-850
W EIGHT T IM ES XB T IM ES F (X B  )
( G R ) (M IN ) (M IN ) RX-CTL DIFF-CTL
8.832 0 0 0 0.0000 0.0000
8.413 6 0.172 6 0.0610 0.0107
7.151 12 0.69 12 0.3232 0.2459
6.778 18 0.843 18 0.4605 0.4409
6.622 24 0.907 24 0.5469 0.5702
6.471 30 0.969 30 0.6859 0.7660
I-NC-02-C-850 1.9954 I-NC-02-C-850
W EIGHT T IM ES XB T IM ES F ( X B )
( G R ) (M IN ) (M IN ) RX-CTL DIFF-CTL
7.233 0 0 0 0.0000 0.0000
6.361 6 0.437 6 0.1743 0.0805
5.748 12 0.744 12 0.3650 0.3025
5.397 18 0.92 18 0.5691 0.6030
5.345 24 0.946 24 0.6220 0.6794
5.307 30 0.965 30 0.6729 0.7490
I-NC-01-C-900 1.9378 I-NC-01-C-900
W EIGHT T IM ES XB T IM ES F ( X B )
( G R ) (M IN ) (M IN ) RX-CTL DIFF-CTL
7.024 0 0 0 0.0000 0.0000
6.9842 6 0.485 6 0.1984 0.1025
6.4067 12 0.783 12 0.3991 0.3507
6.1063 18 0.938 18 0.6042 0.6541
6.0695 24 0.957 24 0.6497 0.7178
6.0327 30 0.976 30 0.7116 0.7984
I-NC-02-C-900 2.1256 I-NC-02-C-900
W EIGHT T IM ES XB T IM ES F (X B  )
( G R ) (M IN ) (M IN ) RX-CTL DIFF-CTL
7.705 0 0 0 0.0000 0.0000
6.823 6 0.415 6 0.1637 0.0716
6.145 12 0.734 12 0.3569 0.2912
5.762 18 0.914 18 0.5586 0.5875
5.722 24 0.933 24 0.5938 0.6391
5.626 30 0.978 30 0.7198 0.8085
I-NC-01-C-950 2.0514 I-NC-01-C-950
W EIGHT T IM ES XB T IM ES ______ F O B ) ______
( G R ) (M IN ) (M IN ) RX-CTL DIFF-CTL
7.436 0 0 0 0.0000 0.0000
6.377 6 0.516 6 0.2149 0.1187
5.955 12 0.722 12 0.3473 0.2781
5.553 18 0.918 18 0.5656 0.5978
5.444 24 0.971 24 0.6928 0.7748
5.424 30 0.981 30 0.7332 0.8244
I-NC-02-C-950 2.2851 I-NC-02-C-950
W EIGHT T IM ES XB T IM ES ______ F ( X B ) ______
( G R ) (M IN ) (M IN ) RX-CTL DIFF-CTL
8.283 0 0 0 0.0000 0.0000
7.140 6 0.5 6 0.2063 0.1101
6.544 12 0.761 12 0.3794 0.3226
6.220 18 0.903 18 0.5405 0.5607
6.050 24 0.977 24 0.7156 0.8034
8.283 30 0.985 30 0.7534 0.8475
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I-CT-01-A-950_________ 2.0675___________ I-CT-01-A-950
W EIGHT T IM ES XB T IM ES F ( X B )
( G R ) (M IN ) (M IN ) RX-CTL DIFF-CTL
7.293 0 0 0 0.0000 0.0000
6.588 5 0.336 5 0.1276 0.0447
6.094 10 0.575 10 0.2482 0.1542
5.749 15 0.742 15 0.3634 0.3002
5.579 20 0.824 20 0.4396 0.4098
5.507 25 0.859 25 0.4795 0.4693
5.484 30 0.87 30 0.4934 0.4901
5.462 35 0.881 35 0.5081 0.5122
5.420 40 0.901 40 0.5374 0.5560
5.397 45 0.912 45 0.5552 0.5825
5.356 50 0.932 50 0.5918 0.6362
5.331 55 0.944 55 0.6174 0.6729
5.269 60 0.974 60 0.7038 0.7887
I-CT-01-A-850__________ 2.5072___________FCT-01-A-850
W EIGHT T IM ES XB T IM ES F ( X B )
( G R ) (M IN ) (M IN ) RX-CTL DIFF-CTL
8.844 0 0 0 0.0000 0.0000
8.062 5 0.328 5 0.1241 0.0424
7.350 10 0.612 10 0.2706 0.1801
6.891 15 0.795 15 0.4104 0.3670
6.758 20 0.848 20 0.4663 0.4496
6.617 25 0.904 25 0.5421 0.5630
6.487 30 0.956 30 0.6470 0.7141
6.475 35 0.961 35 0.6609 0.7330
6.452 40 0.97 40 0.6893 0.7704
6.429 45 0.979 45 0.7241 0.8137
6.414 50 0.985 50 0.7534 0.8475
6.392 55 0.994 55 0.8183 0.9129
6.347 60 1.012 60 1.2289 ¿N U M I
I-CT-02-A-850__________ 2.2975___________ t-CT-02-A-850
W EIGHT T IM ES XB T IM ES F ( X B )
( G R ) (M IN ) (M IN ) RX-CTL DIFF-CTL
7.787 0 0 0 0.0000 0.0000
7.072 5 0.311 5 0.1168 0.0377
6.454 10 0.58 10 0.2511 0.1575
6.057 15 0.753 15 0.3726 0.3130
5.940 20 0.804 20 0.4191 0.3797
5.818 25 0.857 25 0.4771 0.4656
5.705 30 0.906 30 0.5453 0.5678
5.694 35 0.911 35 0.5535 0.5800
5.678 40 0.918 40 0.5656 0.5978
5.657 45 0.927 45 0.5821 0J6220
5.627 50 0.94 50 0.6085 0.6602
5.586 55 0.958 55 0.6524 0.7215
5.558 60 0.97 60 0.6893 0.7704
I-CT-02-A-950__________ 2.0915___________ I-CT-02-A-950
W EIGHT T IM ES XB TIM ES F ( X B )
( G R ) (M IN ) (M IN ) RX-CTL DIFF-CTL
7.378 0 0 0 0.0000 0.0000
6.415 5 0.332 5 0.1258 0.0435
5.730 10 0.568 10 0.2440 0.1496
5.251 15 0.733 15 0.3561 0.2901
5.013 20 0.815 20 0.4302 0.3960
4.886 25 0.859 25 0.4795 0.4693
4.851 30 0.871 30 0.4947 0.4921
4.822 35 0.881 35 0.5081 0.5122
4.796 40 0.89 40 0.5209 0.5313
4.781 45 0.895 45 0.5282 0.5423
4.764 50 0.901 50 0.5374 0.5560
4.697 55 0.924 55 0.5764 0.6137
4.587 60 0.962 60 0.6638 0.7369
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CEMENT COATED PELLETS 
ISOTHERMAL PROCESS
I-CT-01-C-850 2.0661_______ I-CT-01-C-850
WEIGHT TIMES XB TIMES
u.
(GR) (MINI (MIN) RX-CTL DIFF-CTL
7.489 0 0.000 0 0 0
7.123 5 0.177 5 0.0629 0.0114
6.685 10 0.389 10 0.1514 0.0619
6.328 15 0.562 15 0.2406 0.1458
6.057 20 0.693 20 0.3254 0.2487
5.789 25 0.823 25 0.4385 0.4083
5.679 30 0.876 30 0.5013 0.5020
5.557 35 0.935 35 0.5979 0.6450
5.534 40 0.946 40 0.6220 0.6794
5.503 45 0.961 45 0.6609 0.7330
5.497 50 0.964 50 0.6698 0.7449
5.493 55 0.966 55 0.6760 0.7531
5.468 60 0.978 60 0.7198 0.8085
I-CT-01-C-950 1.7637 I-CT-01-C-950
WEIGHT TIMES XB TIMES F (XB)
(GR) (MIN) (MIN) RX-CTL DIFF-CTL
6.393 0 0.000 0 0.0000 0.0000
5.913 5 0.272 5 0.1004 0.0282
5.448 10 0.536 10 0.2258 0.1300
5.109 15 0.728 15 0.3521 0.2846
4.971 20 0.806 20 0.4211 0.3826
4.915 25 0.838 25 0.4549 0.4325
4.860 30 0.869 30 0.4921 0.4882
4.837 35 0.882 35 0.5095 0.5143
4.806 40 0.900 40 0.5358 0.5537
4.770 45 0.920 45 0.5691 0.6030
4.762 50 0.925 50 0.5783 0.6165
4.753 55 0.930 55 0.5879 0.6305
4.739 60 0.938 60 0.6042 0.6541
I-CT-02-C-950______ 2.1284_______ I-CT-02-C-950
WEIGHT TIMES XB TIMES F ( XB )
(GR) (MIN) (MIN) RX-CTL DIFF-CTL
7.715 0 0.000 0 0.0000 0.0000
7.298 5 0.196 5 0.0701 0.0141
6.842 10 0.41 10 0.1613 0.0696
6.502 15 0.57 15 0.2452 0.1509
6.232 20 0.697 20 0.3283 0.2526
5.961 25 0.824 25 0.4396 0.4098
5.853 30 0.875 30 0.5000 0.5000
5.731 35 0.932 35 0.5918 0.6362
5.708 40 0.943 40 0.6151 0.6697
5.676 45 0.958 45 0.6524 0.7215
5.670 50 0.961 50 0.6609 0.7330
5.661 55 0.965 55 0.6729 0.7490
5.642 60 0.974 60 0.7038 0.7887
I-CT-02-C-850______ 2.2793 I-CT-02-C-850
WEIGHT TIMES XB TIMES F(XB)
(GR) (MIN) (MIN) RX-CTL DIFF-CTL
8.262 0 0 0 0.0000 0.0000
7.676 5 0.257 5 0.0943 0.0250
7.106 10 0.507 10 0.2100 0.1138
6.692 15 0.689 15 0.3225 0.2449
6.525 20 0.762 20 0.3803 0.3239
6.455 25 0.793 25 0.4085 0.3642
6.388 30 0.822 30 0.4375 0.4067
6.361 35 0.834 35 0.4504 0.4259
6.322 40 0.851 40 0.4699 0.4548
6.279 45 0.87 45 0.4934 0.4901
6.268 50 0.875 50 0.5000 0.5000
6.256 55 0.88 55 0.5068 0.5101
6.240 6Q—-P,n.°fâÎ3- 60
0.5165 0.5248
I-CT-02-B-850_______1.8162______ I-CT-02-B-850
WEIGHT TIMES XB TIMES F ( XB )
. (GR) (MIN) (MIN) RX-CTL DIFF-CTL
6.594 0 0 0 0.0000 0.0000
5.853 5 0.408 5 0.1603 0.0689
5.415 10 0.649 10 0.2946 0.2092
5.110 15 0.817 15 0.4323 0.3990
5.030 20 0.861 20 0.4820 0.4730
4.943 25 0.909 25 0.5502 0.5751
4.876 30 0.946 30 0.6220 0.6794
4.856 35 0.957 35 0.6497 0.7178
4.840 40 0.966 40 0.6760 0.7531
4.832 45 0.97 45 0.6893 0.7704
4.820 50 0.977 50 0.7156 0.8034
4.803 55 0.986 55 0.7590 0.8537
4.791 60 0.993 60 0.8087 0.9042
I-CT-02-C-950______ 1.7284_______ I-CT-02-C-950
WEIGHT TIMES XB TIMES ____ F(XB)____
(GR) (MIN) (MIN) RX-CTL DIFF-CTL
6.265 0 0 0 0.0000 0.0000
6.034 5 0.342 5 0.1302 0.0465
5.427 10 0.693 10 0.3254 0.2487
5.189 15 0.831 15 0.4471 0.4210
5.130 20 0.865 20 0.4870 0.4805
5.121 25 0.87 25 0.4934 0.4901
5.111 30 0.876 30 0.5013 0.5020
5.101 35 0.882 35 0.5095 0.5143
5.090 40 0.888 40 0.5180 0.5269
5.087 45 0.89 45 0.5209 0.5313
5.071 50 0.899 50 0.5343 0.5514
5.063 55 0.904 55 0.5421 0.5630
5.023 60 0.927 60 0.5821 0.6220
I-CT-01-B-850_______1.9005_______ I-CT-01-B-850
WEIGHT TIMES XB TIMES ____ F(XB)____
(GR) (MIN) (MIN) RX-CTL DIFF-CTL
6.9 0 0.000 0 0.0000 0.0000
6.121 5 0.410 5 0.1613 0.0696
5.659 10 0.653 10 0.2973 0.2126
5.338 15 0.822 15 • 0.4375 0.4067
5.254 20 0.866 20 0.4883 0.4824
5.163 25 0.914 25 0.5586 0.5875
5.093 30 0.951 30 0.6341 0.6963
5.070 35 0.963 35 0.6668 0.7409
5.053 40 0.972 40 0.6963 0.7794
5.045 45 0.976 45 0.7116 0.7984
5.032 50 0.983 50 0.7429 0.8357
5.015 55 0.992 55 0.8000 0.8960
5.001 60 0.999 60 0.9000 0.9720
I-CT-01-B-950______ 1.7752_______ I-CT-01-B-950
WEIGHT TIMES XB TIMES F(XB)
(GR) (MIN) (MIN) RX-CTL DIFF-CTL
6.445 0 0 0 0.0000 0.0000
5.856 5 0.332 5 0.1258 0.0435
5.249 10 0.674 10 0.3118 0.2310
5.011 15 0.808 15 0.4231 0.3856
4.952 20 0.841 20 0.4582 0.4375
4.943 25 0.846 25 0.4640 0.4461
4.934 30 0.851 30 0.4699 0.4548
4.924 35 0.857 35 0.4771 0.4656
4.913 40 0.863 40 0.4845 0.4767
4.909 45 0.865 45 0.4870 0.4805
4.893 50 0.874 50 0.4987 0.4980
4.885 55 0.879 55 0.5054 0.5081
4.846 60 0.901 60 0.5374 0.5560
D-5
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NI-NC-02-B-950___________________ 2.1269___________ NI-NC-02-B-950
TEMP. W EIGHT TEMP. XB TEMP. RX-CTL DIFF-CTL
( C ) ( G R ) ( C ) ( C )
650 7.787 650 0.000 650 0.0000 0.0000
700 7.170 700 0.29 700 0.2041 0.0324
750 6.713 750 0.505 750 0.3742 0.1127
800 6.339 800 0.681 800 0.5331 0.2374
850 5.996 850 0.842 850 0.7077 0.4392
900 5.747 900 0.959 900 0.8811 0.7253
950 5.728 950 0.968 950 0.8992 0.7616
NI-NC-01-C-950 22.441 NI-NC-01-C-950
TEMP. W EIGHT TEMP. XB TEMP. RX-CTL DIFF-CTL
( C ) ( G R ) ( C ) ( C )
650 8.216 650 0.000 650 0.0000 0.0000
700 7.655 700 0.25 700 0.0914 0.0236
750 7.229 750 0.44 750 0.1757 0.0818
800 6.811 800 0.626 800 0.2795 0.1907
850 6.459 850 0.783 850 0.3991 0.3507
900 6.118 900 0.935 900 0.5979 0.6450
950 6.084 950 0.95 950 0.6316 0.6928
NI-NC-02-C-950_________________  1.8284___________ NI-NC-02-C-950
TEMP. W EIGHT TEMP. XB TEMP. RX-CTL DIFF-CTL
( C ) ( G R ) ( C ) ( C )
650 6.694 650 0.000 650 0.0000 0.0000
700 6.411 700 0.155 700 0.0546 0.0086
750 5.910 750 0.429 750 0.1704 0.0772
800 5.586 800 0.606 800 0.2669 0.1757
850 5.224 850 0.804 850 0.4191 0.3797
900 5.008 900 0.922 900 0.5727 0.6083
950 4.939 950 0.96 950 0.6580 0.7291
NI-NC-02-D-950__________:________ 2.3189___________NI-NC-02-D-950
TEMP. W EIGHT TEMP. XB TEMP. RX-CTL DIFF-CTL
(C )_ ( G R ) ( C ) ( C )
650 8.490 650 0.000 650 0.0000 0.0000
700 8.307 700 0.079 700 0.0271 0.0022
750 8.151 750 0.146 750 0.0512 0.0076
800 7.692 800 0.344 800 0.1311 0.0471
850 7.449 850 0.449 850 0.1802 0.0857
900 6.922 900 0.676 900 0.3132 0.2328
950 6.359 950 0.919 950 0.5673 0.6004
NON-COATED PELLETS 
NON-ISOTHERMAL PROCESS
NI-NC-01-A-950______________  2.2622___________ NI-NC-01-A-950
TEMP. W EIGHT TEMP. XB TEMP. RX-CTL DIFF-CTL
( C ) ( G R ) ( C ) ( C )
650 8.200 650 0.000 650 0.0000 0.0000
700 7.761 700 0.194 700 0.0694 0.0138
750 7.358 750 0.372 750 0.1436 0.0560
800 6.992 800 0.534 800 0.2247 0.1288
850 6.555 850 0.727 850 0.3513 0.2835
900 6.241 900 0.866 900 0.4883 0.4824
950 6.035 950 0.957 950 0.6497 0.7178
NMMC-02-A-950 2.0994 NI-NC-02-A-950
TEMP. W EIGHT TEMP. XB TEMP. RX-CTL DIFF-CTL
( C ) (G R 1 ( C ) ( C )
650 7.610 650 0.000 650 0.0000 0.0000
700 6.856 700 0.359 700 0.1378 0.0517
.750 6.697 750 0.435 750 0.1733 0.0797
800 6.287 800 0.63 800 0.2821 0.1938
850 6.006 850 0.764 850 0.3820 0.3263
900 5.742 900 0.89 900 0.5209 0.5313
950 5.580 950 0.967 950 0.6792 0.7574
NMMC-01-B-950 2.2351 NMMC-01-B-950
TEMP. W EIGHT TEMP. XB TEMP. RX-CTL DIFF-CTL
( C ) ( G R ) ( C ) ( C )  ...
650 8.183 650 0.000 650 0.0000 0.0000
700 7.736 700 0.2 700 0.0717 0.0147
750 7.349 750 0.373 750 0.1441 0.0563
800 7.012 800 0.524 800 0.2192 0.1231
850 6.688 850 0.669 850 0.3083 0.2265
900 6.312 900 0.837 - 900 0.4537 0.4308
950 6.037 950 0.96 950 0.6580 0.7291
Nt-NC-01-P-950 2.3189 NI-NC-01-D-950
TEMP. W EIGHT TEMP. XB TEMP. RX-CTL DIFF-CTL
i C I ( G R ) ( C )  _ ( C )
650 8.473 650 0.000 650 0.0000 0.0000
700 8.049 700 0.183 700 0.0652 0.0122
750 7.682 750 0.341 750 0.1298 0.0462
800 7.318 800 0.498 800 0.2052 0.1091
850 6.989 850 0.64 850 0.2886 0.2018
900 6.625 900 0.797 900 0.4123 0.3698
950 6.326 950 0.926 950 0.5802 0.6192
C:\MBR-AWL\Nl-COAT J(LS
N O N 'ISO T H ER M A L  P R O C E SS  
D EM EN T  C O ATED  P ELLET S  : A, B, A N D  C 
NN-CT-01-B- 950________________1.87244
TEMP.
( C )
W EIGHT
(GR)
T IM ES
(M IN I
XB
650 6.798 0 0.000
700 6.173 10 0.280
750 5.691 20 0.495
800 5.180 30 0.722
850 4.869 40 0.861
900 4.718 50 0.928
950 4.557 60 0.974
NN-CT-02-B-950_________________2.01677
TEMP.
( C )
W EIGHT
(GR)
T IM ES
(M IN )
XB
650 7.322 0 0.000
700 6.7593 10 0.279
750 6.3277 20 0.493
800 5.8699 30 0.720
850 5.5936 40 0.857
900 5.4585 50 0.924
950 5.3940 60 0.956
NN-CT-01-C-950__________________1,9055
TEMP.
( C )
W EIGHT
(GR)
T IM ES
(M IN )
XB
650 6.907 0 0.000
700 6.421 10 0.255
750 5.922 20 0.517
800 5.550 30 0.712
850 5.348 40 0.818
900 5.272 50 0.858
950 5.186 60 0.903
NN-CT -02-C-950_________________ 2.2274
TEMP.
( C )
W EIGHT
(GR)
T IM ES
(M IN )
XB
650 8.074 0 0.000
700 7.479 10 0.267
750 6.871 20 0.540
800 6.417 30 0.744
850 6.170 40 0.855
900 6.076 50 0.897
950 5.971 60 0.944
NN-CT-01-A-950 _____________ 2.0689
TEMP.
( C )
W EIGHT
(GR)
T IM ES
(M IN )
XB
650 7.298 0 0.000
700 6.710 10 0.284
750 6.355 20 0.456
800 5.910 30 0.671
850 5.544 40 0.848
900 5.513 50 0.863
950 5.442 60 0.897
NN-CT-02-A-950_________________2.04453
TEM P
( C )
W EIGHT
(GR)
T IM ES
(M IN )
XB
650 7.212 0 0.000
700 6.623 10 0.288
750 6.269 20 0.461
800 5.824 30 0.679
850 5.458 40 0.858
900 5.425 50 0.874
950 5.358 60 0.907
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APPEDIX E
R E FO R M E D  G A S C O M PO SIT IO N  O F D IR E C T  
R E D U C T IO N  PL A N T  - PT . K R A K A T A U  STEEL
S am p le CO?, 0 2 iliiSOi ;;! C H 4
01 6,78 0,00 15,96 5,20 72,06
02 6,77 0,00 15,96 3,83 73,44
03 7,12 0,00 15,06 4,79 73,04
04 7,12 0,00 15,06 4,79 73,03
05 6,92 0,00 15,00 4,14 72,94
06 6,60 0,00 16,36 4,36 72,68
07 6,63 0,00 16,50 4,57 73,36
08 6,87 0,00 16,06 4,66 72,41
APPENDIX F
SA M PL E S O F D A T A  A N A L Y SIS C A L C U L A T IO N S
D A T A  A N A L Y SIS A N D  C A L C U LA TIO N
1. CONVERSION LEVEL DETERMINATION, XB
XB =  Wt/Wo 
W here:
- Wt =  Weight o f  oxygen removed, gram. It can be obtained from the experiment
data recorded by the data logger as shown in appendix B.
- Wo — Weight o f removal oxygen, gram . It can be obtained from the chemical
analysis o f  iron ore pellets as shown in Appendix A, by assuming that the 
oxygen from the oxydes can be reduced
The part o f  calculation results is presented in appendix B.
2. THE STEP CONTROL OF REDUCTION PROCESS
According to Habashi, [1969] that the reduction o f iron oxide hematite as 
shown by equation ( 2.29 ) follow s the kinetic equation ( 2.31). The calculation 
results is presented in appendix B, where the RX-CTL for chemical reaction 
control and DIFF-CTL for product layer diffusion control.
F-l
3. THE KINETICS PARAM ETER CALCULATION
Detemining o f the rate constant for the isothermal for both controlling step, 
chemical reaction control and product layer difSision control can be obtained from 
the slope o f  the F(XB) and tim e. These results is presented in this appendix ( D ). 
By using die Arrhenius equation ( 2.32 ), die activation energyn ( Ea  ), and pre- 
exponantiol factor ( A ’ ) can be obtained. These results also presented in appendix 
D.
While die data analysis for the non-isothermal process use die equation as 
proposed by Ray and Prakash ,[1990] as stated in equation ( 2.59 ), and part o f  
results is presented in this appendix ( D ).
F-2
NC0AT1N2.XLS
NON-C GATED PELLET AND ISOTHERMAL PROCESS 
DETERMMATION OF RATE CONSTANT, K 
k 18 THE SLOPE OF THE PLOT OF F(XB) AND TIME
F1(XB)= [1-((1.XBT(1/3))1 
F2(XB)= (1-(3(1-XBn2/3) + 2(1-XB))]
t-NC-A-950
MEAN
XB
TIM ES F1(XB) F2(XB)
DIFF-CTL
RX-CTL
SLO PE
DIFF-CTL
SLO PECMIN) R X C T L
0.000 0 0.000 0.0000 0.0255 0.0308
0.S43 6 0.229 0.1338
0.809 12 0.424 0.3870
0.942 18 0.613 0.6665
0.970 24 0.689 0.7704
0.986 30 0.759 0.8537
l-NC-A-900
MEAN
XB
TIM ES F1(XB) F2(XB)
D IFF-CTL
RX-CTL
SLO PE
DIFF-CTL
SLO PE(M IN ) RX-CTL
0.000 0 0.000 0.0000 0.0220 0.0257
0.426 6 0.169 0.0760
0.712 12 0.339 0.2672
0.858 18 0.478 0.4665
0.930 24 0.588 0.6305
0.955 30 0.643 0.7086
l-NC-A-850
MEAN
XB
TIM ES F1 (XB) F2(XB)
DIFF-CTL
RX-CTL
SLO PE
DIFF-CTL
SLO PE(M IN ) RX-CTL
0.000 0 0.000 0.0000 0.0202 0.0227
0.325 6 0.123 0.0414
0.646 12 0.292 0.2063
0.795 18 . 0.410 0.3663
0.854 24 0.473 0.4593
0.943 30 0.615 0.6697
F-3
NI01A900 2.2S2B NID1A900__________ NI01A900
W EIGHT TIM ES XB TIM ES RX-CTL SLO PE DIFF-CTL SLO PE
(G R  Y (M IN ) (M IN ) k.(l/MIN) k. (VMIN)
7.946 0 0.000 Ö 0.0000 0.02206 0.0000 0.0263
6.734 6 0.538 6 0.2269 0.1311
6.099 12 0.82 12 0.4354 0.4036
S.883 18 0.916 18 0.5620 0.5926
5.797 24 0.954 24 0.6417 0.7069
5.788 30 0.958 30 0.6524 0.7215
NI02A90Û 2.3782 NI02A900 2.3782 NI02A900
W EIGHT TIM ES XB TIMES RX-CTL SLO PE DIFF-CTL SLO PE
(G R ) (M IN ) (M IN ) k. (VMIN) k. (VMIN)
8.389 0 0 0 0.0000 0.02191 0.0000 0.02509
7.642 6 0.314 6 0.1181 0.0385
6.955 12 0.603 12 0.2650 0.1735
6.489 18 0.799 18 0.4142 0.3726
6.234 24 0.906 24 0.5453 0.5678
6.127 .30 0.951 30 0.6341 0.6963
NI01A850 2.1902 NI01A8S0 2.1902
W EIGHT TIMES XB TIMES RX-CTL SLO PE DIFF-CTL SLO PE  
k. (VMIN)(G R ) (M IN ) (M IN ) k. (I/MIN)
7.726 0 0.000 0 0.0000 0.02118 0.0000 0.02428
6.975 6 0.343 6 0.1307 0.0468
6.213 12 0.691 12 0.3239 0.2468
5.805 18 0.877 18 0.5027 0.5040
5.739 24 0.907 24 0.5469 0.5702
5.672 30 0.938 30 0.6042 0.6541
NON-COATED PELLET AND ISOTHERMAL PROCESS 
DETERMMATION OF CONSTANT RATE, K
NI01A950 2.1959______________________________NI01A950
W EIGHT TIM ES XB TIM ES RX-CTL SLO PE DIFF-CTL SLO PE
(G R ) (M IN ) (M IN ) it n/MiN) k. (I/MIN)
7.746 0 0.000 0 0.0000 0.02463 0.0000 0.02954
6.360 6 0.622 6 0.2770 0.1876
S.682 12 0.940 12 0.6085 0.6602
5.638 18 0.960 18 0.6580 0.7291
5.590 24 0.982 24 0.7379 0.8300
5.585 30 0.984 30 0.7480 0.8415
NI02A950 2.40S1________ _____________________ NI02A950
W EIGHT TIMES XB TIMES RX-CTL SLO P E DIFF-CTL SLO P E
(G R ) (M IN ) NI02A950 (M IN ) It (l/MIN) k. (I/MIN)
8.484 0 0.000 0 0.0000 0.02625 0.0000 0.03144
5.989 6 0.463 6 0.1872 0.0920
5.989 12 0.678 12 0.3146 0.2346
5.989 18 0.924 18 0.5764 0.6137
5.989 24 0.958 24 0.6524 0.7215
5.989 30 0.988 30 0.7711 0.8668
NI02A8S0 1.4226__________ NI02A850____________ 1.4226
W EIGHT TIMES XB TIMES RX-CTL SLO PE DIFF-CTL SLO P E
(GR) (M IN ) (M IN ) It (I/MIN) k. (I/MIN)
5.018 0 0.000 0 0.0000 0.01958 0.0000 0.02162
4.582 6 0.306 6 0.1146 0.0364
4.162 12 0.600 12 0.2632 0.1713
4.003 18 0.712 18 0.3396 0.2677
3.877 24 0.800 24 0.4152 0.3740
3.666 30 0.948 30 0.6267 0.6861
ENER-ACT.XLS
ENERGY ACTIVATION FOR NON-COATED PELLET AND 
ISOTHERMAL PROCESS 
WITH REACTION CONTROL
k = A EXP (-EA/RT)
LN(k) = LN(A) - (EA/R). (1/T)
REACTION RATE CONSTANT, k
TEMPERATURE m PELLETS TYPE
CELCIUS.t KELVIN. T (1AO A B C D D*
850 1123 0.000890472 0.01849 0.02267 0.02366 0.02318 0.02146
900 1173 0.000852515 0.02199 0.02464 0.0243 0.02146 0.02318
950 1223 0.000817861 0.02544 0.02444 0.02565 0.02521 0.02521
k *  A EXP (-EAÄ7T) 
LN(k) = LN(A) - (EAAR). (1/T) 
R =0.00 8314 kJ/lmo».K
-0,008314
(1/T) LN(k) FOR PELLETS TYPE
A e C D
-3.764 -3JB420.000890 -3.991 -3.787 -3.744
0.000853 -3.817 -3.703 -3.717 -3.842 -3.764
0.000818 -3.671 -3.712 -3.663 -3.681 -3.681
SLOPE, (- EA/R)
SLOPE. (- EA/R) -4446.9 -1053.36 -1121 -24 -1121.75 -¿234.89
LN(A) -0.0300 -2.88350 -2.2708 -2.8047 -1.8545
EA.kJ/mol 36.97 8.76 9.32 9.33 18.58
A. (1/SEC) 0.97 0.06 0.06 0.16
ENERGY ACTIVATION FOR NON-COATED PELLETS AND 
ISOTHERMAL PROCESS 
wnn DIFFUSION CONTROL
k = A EXP (-EA/RT)
LN(k) = LN(A) - (EAÄ?). (1/T)
REACTION RATE CONSTANT, k
TEMPERATURE (1/T)
(1/K)
0.000890472
PELLETS TYPE
CELCIUS.t KELVIN. T A B C D U
850 1123 0.0229 0.0262 0.0275 0.0268 0.0255
900 1173 0.000852515 0.0257 0.0294 0.0290 0.0255 0.0268
950 1223 0.000817681 0.0305 0.0291 0.0309 0.0303 0.0303
k = A EXP (-EA/RT)
LN(k) = LN(A) - (EA/R). (1/T) 
R = 0.008314 kJ/mol.K
-0.008314
(1/T) LN(k FOR PELLETS TYPE
A B c D D*
0.000890 -3.775 -3.642 -3.594 -3.619 -3.669
0.000853 -3.661 -3.528 -3.540 -3.669 -3.619
0.000818 -3.490 -3.537 -3.478 -3.496 -3.496
SLOPE. (- EA/R)
SLOPE. (- EA/R) -3949.98 -1473.77 -1609.67 I -1679.22 -2392.77
LN (A) -0.2700 -2.31090 -2.1632 I -2.1612 -1.5520
EA.kJ/mol 
A. (1/SEC)
32.84 I 12.25 
0.76 I 0.01
13.38 1  
0.11
13.96 I 19.89
0.11 I 0.21
ENERGY ACTIVATION FOR CEMENT COATED PELLET 
ISOTHERMAL PROCESS
F-5
ENER-ACTXLS
WTTH DFFUSION CONTROL
k = A EXP (-EA/RT)
LN(k) = LN(A) - {EA/R) . (1/T)
REACTION RATE CONSTANT, k
TEMPERATURE (1/T) PELLETS TYPE
CELCIUS. t KELVN.T (1/K) A B C
850 1123 0.000890 0.0150 0.0154 0.0123
900 1173 0.000853
950 1223 0.000818 0.0116 0.0083 0,0133
k = A EXP (-EA/RT)
LN(k) = LN(A) - (EA/R). (1/T) 
R = 0.008314 kJ/mol. K
-0008314
(1/0 LN(k) FOR PELLETS TYPE
A B Ç  ...
0.000890 -4.200 -4.177 -4.398
0.000853
0.000818 -4.461 -4.791 -4.324
SLOPE. (- EA/R)
SLOPE. (- EA/R) 3625 8527.78 -1027.78
LNiA) -7.426 -11.767 -3483
EA.kJ/rnol 
A. M/SEC)
-30.14
6exp-4
-70.90 j 8.54 
7 exD-8 I 0.0300
ENERGY ACTIVATION FOR CEMENR COATED PELLET 
ISOTHERMAL PROCESS 
WTTH REACTION CONTROL
k *  A EXP (-EA/RT)
LN(k) = LN(A) - (EA/R). (1/T)
REACTION RATE CONSTANT, k
TEMPERATURE (1/T)
(1/K)
PELLETS +YPE
CELCIUS. t KELVN.T A B C
850 1123 0.000890 0.0130 0.1240 0.0102
900 1173 0.000853
950 1223 0.000818 0.0093 0.0070 0.0108
k = A EXP (-EA/RT)
LN(k) = LN(A)-(EA/R). (1/T) 
R =0.008314 kJ/mol.K 
-0.008314
(1/T) LNik) FOR PELLETS TYPE
A B C
0.000890 -4.347 -2.087 -4.585
0.000853
0.000818 -4.678 -4.962 -4.533
/. EA/R)
SLOPE. (- EA/R) 4597.22 39930.56 -722.22
LNiA) -8.439 -37.625 -3.942
EA.kJ/tnol 
A. f1/SEC)
-38.22 
2 exp-04
-331.98 
5 exp-17
6.00
0.0200
F-6
C:\MBR-AWL\NI-N02
NON-ISOTHERMAL PROCESS FOR NON-COATING PELLETS
DETERMINATION OF ACTIVATION ENERGY ( Ea ) AND 
PRE-EXPONENTIOAL FACTOR ( A )
’a). FOR CHEMICAL REACTION CONTROL 
Ln((cDtfcJTX(1-X)*(-2/3))*(1Q/3)) = Ln(A') - (E/RT)
NFNC-A-950
TEMP. MEAN-XB A B C D E k
(K ) NI-NC-A-950 (dxfcrn M-XBW-2/3' (1Q/3)*A*B Ln(C) M/T) (1/38C)
923 0.000 0.0000 1.000 0.0000 #NUMI 0.001083 0.01101
973 0.277 0.0055 1.241 0.0229 -3.776 0.001028 0.01596
1023 0.404 0.0040 1.412 0.0190 -3.963 0.000978 0.02230
1073 0.582 0.0039 1.789 0.0231 -3.766 0.000932 0.03020
1123 0.748 0.0037 2.506 0.0312 -3.466 0.000890 0.03982
1173 0.878 0.0035 4.065 0.0476 -3.045 0.000853 0.05128
1223 0.962 0.0032 8.847 0.0946 -2.358 0.000818 0.06468
R
kJ/mol.K
UK A1) A' (-E/R) Ea
kJ/mol
Ea
k.caU/mol
k(AVR)
(1/90C)
-0.008314 2.709 15.010 -6661.73 55.39 13.20 0.0336
b). FOR A8H DFFUSION CONTROL
Ln[(20(( 1 -XB)*(-1 /3)+1 )H(dWdT)l = Ln( A*) - (Ea/RT)
NI-NC-A-950
TEMP. MEAN-XB
NFNC-A-950
A B C D E F k
(K ) (dXftrn M-XBW-1/3 20*iB-*-1) A *C Ln( D ) (1/T) M/98C)
923 0.000 0.0000 1.000 40.0000 0.00000 #NUMI 0.001083 0.1874
973 0.277 0.0055 1.114 422835 0.23425 -1.451 0.001028 0.1936
1023 0.404 0.0040 1.188 43.7656 0.17681 -1.733 0.000978 0.1995
1073 0.582 0.0039 1.337 46.7488 0.18139 -1.707 0.000932 0.2049
1123 0.748 0.0037 1.583 51.6638 0.19322 -1.644 0.000890 0.2099
1173 0.878 0.0035 2.016 60.3252 0.21186 -1.552 0.000853 0.2147
1223 0.962 0.0032 2.974 79.4888 0.25489 -1.367 0.000818 0.2191
R
kJ/mol.K
Ln( A ') A' (-E/R) Ea
kJ/mol
Ea
k.caUrtnol
k  (AVRG) 
(1/30C)
-0.00831 -1.037 0.355 -588.33 4.89 1.17 02042
APPENDIX G
SA M PL E S O F R E D U C T IO N  PR O C E SS  
ST E P C O N TR O L O F TH E IR O N  O RE  
P E L L E T S R E D U C E D  
IN  TH E E X PE R IM E N T A L  A B O R A T O R Y
THE STEP CONTROL OF REDUCTION PROCESS
CHEftL REACT. CTL -  T 1 (X B )- [1-<(1-XB)A(1/3))]
OFF. CONTROL -  T2(XB) « [1-{3<1-XBH2Æ) ♦ 2(1-XB))]
F^XB) VERSU S H U ES FO R i-NCASOO
F[XB) VERSU S H IE S  FOR I-N CA850
12 18 
TIMES, MINUTES
24 30
F[XB) VERSU S TIMES FOR (-BS60
6 nils, MINl/fe 24 30
G - l
6
CEMENT COATED PELLETS 
ISOTHERMAL PROCESS
RX-CTL » 1- (1-XB)*1/3 
DFF-CTL = 1-3(1-XB)A2/3+ 2(1-XB)
0.700 F(XB) VERSUS THnHE> FOR Cl-C^5# F(XB) VBtSUS TMBS FOR C U 4 M
2 2 8 8 8 8 ? 3 8 8  
TIMES, MMUTB8 TIMES. MINUTES
F(X») V R SU S TTMBS FOR CI-C-SSC
TIMES, MINUTE*
F(XB) VBtSUS m g f  FOR CI-A-tSO
2 5 8 8 8 8 ? ?  8 8 8
TtMBS, MINUTES
F(XS) VERSUS TTMBS BOR Ct-A-SSO
G-2
REDUCTION RE8ULT8 FOR PROCESS 
N0N-I80THERMAL AND UNCOATED PELLET8
NI-NC-B-860
Nt-NC-C-950
G-3
APPENDIX H
SA M PL E S O F M IC R O G R A PH  O F SPO N G E  
IR O N  (D R I) O BSER V ED  W IT H  X  100
M A G N IFIC A T IO N
MICROGRAPH OF SPONGE IRON (DRI). 
LOCATION : PELLET SURFACE.
WITH x 100 MAGNIFICATION.
LOCATION : IN BETWEEN SURFACE. LOCATION : CENTRE OF PELLET.
AND CENTRE.
MICROGRAPH OF SPONGE IRON (DRI). 
WITH x 100 MAGNIFICATION.
H - l
